
Best 
Available 

Copy 

., 



W    ■' 

s* 

PHYSICS AND CHEMISTRY OF GLASSES 

NAVAL RESEARCH LABORATORY 

PREPARED FOR 

ADVANCED RESEARCH PROJECTS AGENCY 

MAY 1973 

AD-763 338 

Distributed By: 

National Technical Information Service 
U. S. DEPARTMENT OF COMMERCE 

^■M^BUMi 



W      "■ 

NRL Memorandum Report 2590 

00 
CO 
CO 
50 
CD 
1> 
Ö 

Physics and Chemistry of Glasses 

ROBERT J. GINTHER AND RUSSELL D. KIRK 

Central Materials Research Activity 

JOHN H. KONNERT, GEORGE A. FERGUSON, AND JEROME KARLE 

Laboratory For The Structure of Matter 

STEPHEN G. BISHOP, DAVID L. GRISCOM, AND DEAN L. MITCHELL, 

ANTHONY R. RUFFA, GEORGE H. SIGEL, JR., AND P. CRAIG TAYLOR 

Solid Statt Division 

May 1973 ■ J&S^ 
■ 

\\\W'-:V- 
NATIONAL TECHNICAL 
INFORMATION SERVICE 

NAVAL RESEARCH LABORATORY 
Washington, D.C. 

Approved for public release; Lisiribution unlimited. 

*m MflMiflHil 



UNCLASSIFIED 
Sei ur't\  l Kivsifn ,iin>n 

DOCUMENT CONTROL DATA    R i, D 
t I.is   ill' alian "/ MM»,   '"' h   ■■( .il<:triii I .ml UHIIHIII,- mmotmllon nn-t I,,- unt-n-J Wlm>  Ihr  uvrt.ill rrp.iff t> i/.issifn'iJ) 

t     OMI GIN ü A c T ■ v' r f (Cotpomt mtthof) 

Naval Research Laboratory 
Washington, D.C. 20375 

RirORT    ICCURlTV    CLASSIflCAllO' 

UNCLASSIFIED 
2h.   GROUP 

1     Rf POP 1 

PHYSICS AND CHEMISTRY OF GLASSES 

4    Of SC RIP T i Vf   NO t f S ^Tvp*' "' rt'port  .ifit/ inclusivr itates) 

A final report.  
AU T MOR'S t 'f (rsf nanic, fnu/tZ/r  imlial.   In   : namo) 

Robert J. Ginther, Russell D. Kirk, John H, Konnert, George A. Ferguson, 
Jerome Karle, Stephen Q, bishop, David L. Griscom, Dean L. MUchell, 
Anthony R. Ruffa, George H. Sigel, Jr., and P. Craig Taylor 

May 1973 
7a.    TOTAL   NO     Ot   PAGES 

2M     j/y 
lb.    NO     OF   RtFS 

231 
00,    CONT   'AC'   OR   GRANT   NO 

NRL Problem 64P03-07A 
i PBOjrcr NO ARPA Order No. 2029 

(Formerly 418) 
•    Program Code No. 2D1.0 

Program Element Code :    GllOlD 

9«.   ORIGINATOR'S   REPORT   NUMBERISJ 

NRL Memorandum Report 2590 

^K   OTHER  REPORT   N OIS) rAny tjfher ntimher.s  that may be Bssi&neii 
thi s   TfpOTl) 

DISTRIBUTION   STATEMENT 

Approved for public release; distribution unlimited. 

SUPPLtK^NTARY   NOTES 12     SPONSORING   MILITARY    ACTIVITY 

Advanced Research Projects Agency 
Washington, D.C. 20301 

n     ABSTRACT 

This report is a summary of glass research undertaken during a five year period 
(1967-72) under the sponsorship of the Advanced Research Projects Agency. Research 
areas which arc reviewed include structure o' glasses, synthesis and preparation of 
glasses, electronic structure of silica, ultraviolet spectra of silicate glasses, electron 
spin resonance in boratc glasses, structural and elect ical properties of chalcogenide 
glasses and ion bombardment effects on the strength of glass. 

DD :r..1473 
S/N   0101.607.6801 

(PAGE    1) aw UNCLASSIFIED 

l-t Seruritv Classifu alion 



DD.FrJ473 <BACK' 
(PAGF    2) i|) 

*W UNCLASWSIFIP:D 
Seruntv Classification 

^t^^A^^i warn *mä 



I 

CONTENTS 

Abstract 
Foreword by J. H. Schulman 

ii 
iii 

Paper I   Effects of Impurities and 
Synthesis Atmosphere Upon the 
Optical Properties of Some 
Glasses 1 

Paper II  Diffraction Evidence for 
Tridymite-Like Ordering In 
Silica and Germania Glasses       35 

Paper III  Ultraviolet Spectra of Silicate 
Glasses - A Review of Some 
Experimental Evidence 42 

Paper IV  Models for Electronic 
Processes in SiO« 89 

Paper V   ESR Studies -f Radiation-Damage 
and Structure in Oxide Glasses: 
A Contemporary Overview With 
Illustrations From the Alkali 
Borate System 114 

Paper VI  Structural and Electrical 
Properties of Chalcogenide 
Glasses 169 

Paper VII The Effects of Ton Implantation 
on the Strength of fused Silica   199 

. 

i.ts 

L 



^^ 

ABSTRACT 

This report is a summary of glass research undertaken 
during a five year period (1967-72) under the sponsorship 
of the Advanced Research Projects Agencv.  Research areas 
which are reviewed include structure of glasses, synthesis 
and preparation of glasses, electronic structure of silica 
ultraviolet spectra of silicate glasses, electron spin 
resonance in borate glasses, structural and electrical 
properties of chalcogenide glasses and ion bombardment 
effects on the strength of glass. 
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FOREWORD 

In askinR ARPA to help initiate a major Program of 
ulass study at NRL in 1966, it was pointed out that  the 
"hallenjng scientific questions involved in the structure 
oi ulass and the tremendous technological potential ol 
glassy materials justify a greatly --^-^^^ ^ 
of research effort on non-penoaic solids. . .Glass has an 
enormous range of properties, which *" *• ««Jla^/iS 
varied 3lmost at will; moreover it can be fabricated in 
virtually any size or shape and formed to any degree of 
niecision that may be desired... Within the past decade or 
two a transformation has begun on the traditional view of 
glass as a fragile and brittle material  useful primarily 
because of its transparency and chemical inertness  Re- 
search on the chemistry and physics of f lass^as

a^hysical 
in istonishintr variety of electronic, chemical, and physical 
ch- ges can bt initiated and controlled to produce materials 
with a wide variety of interesting properties—photo- 
sensitivity, luminescence, electronic conductivity, and 
even flexibility... The full potential of glass is a long 
wljium being realized, progress is far slower than in the 
field of crystalline materials; this is due, ^ Part, to 
tie relatively small number of organizations and individuals 
engaged in research on non-periodic solids . 

ARPA support of this proposal permitted the Laboratory 
to mount a substantial research effort on the relationsnip 
Of the optical and spectroscopic properties of inorganic 
oxide-based glasses to their composition and structure.  A 
romni-eheSive approach to these problems was undertaken 
lith a reseIrchP?eam that included synthetic inorganic and 
analytical chemists, and experimental ^f^f^1  h 
ohvsicists—all of whom had been thoroughly familial with 
S incepts derived from studies of color cen ers and 
luminescence of crystalline solids, among them »»"'^g 
purity preparation and careful characterization of samples. 

This report summarizes most of the results of the six 
vear ARPA-sponsored research program, which began with the 
demonstration that the near-ultraviolet aosorption of 
ordinary silicate glasses was an extrinsic phenomenon due 
to alliovalent impurities, principally iron.  These ^udies 
have been extended to other problems of the glassy state 
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year by year, and have culminated i 
that silica (and perhaps all other) 
ordered than has generally been bei 
glass consists of micro-crystalline 
20A in dimensions having the trydim 
tween these investigations lay many 
spectroscopy of oxide glasses, on t 
tivity and the radiation-induced ce 
on their mechanical properties, and 
electrical properties of chalcogeni 

n the recent finding 
glass is much more 

ieved, and that this 
regions of at least 
ite structure.  In be- 
that shed light on the 

heir radiation-sensi- 
nters produced in them, 
on the structure and 

de glasses. 

The reports by others in 1969 of switching and memory 
effects in chalcogenide glasses touched off feverish 
interest in the glassy state of matter by technologists 
and theoretical physicists alike—confirming NRL's 
assessment of the scientific challenges and technical 
promise of the glassy state.  Glass and glassy-state 
phenomena are now recognized by the broad scientists 
community as challenging scientific problems, and research 
on these subjects is much more widespread and sophisticated 
We are grateful for ARPA's support in the days when this 
had not yet come to pass. 

J. H. SCHULMAN 
Deputy Director of Research 

i 
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EFFECTS OF IMPURITIES AND SYNTHESIS ATMOSPHERE 

UPON THE OPTICAL PROPERTIES OF SOME GLASSES 

R. J. Ginther and R. D. Kirk 

ABSTRACT 

The effect of impurities upon the ultraviolet absorp- 
tion of silicate glasses has been investigated.  Differ- 
emos in ultraviolet absorption ot soda-silica glass as a 
function of the melting atmosphere are shown to be due to 
a valence change of iron impurity.  In samples of low iron 
content not exhibiting this difference, other absorbing 
impurities have been identified from their luminescence 
properties.  Copper and sulfur are shown to produce yellow 
lumine>cence in ulass melted in reducing atmospheres, and 
Pt4+ has been identified as the source of red luminescence 
in ^lass melted in air in platinum crucibles.  The study of 
nlat inum crucible corrcsion by glass has been extended to 
laser glasses.  Corrosion is shown to be a function of both 
the melting atmosphere and the glass composition and a new 
laser glass has been developed which is particularly resis- 
tant to platinum contamination.  Preliminary results of the 
develcpment of colorless, devitrification-resistant alumi- 
na te glasses are presented. 

INTRODUCTION 

Oxide type glasses have useful transmission in the 
wavelength range of about 180 nm to about 5^m.  Their high 
softening temperatures, structural strength, and relative 
ease of fabrication in suitable sizes and shapes make them 
preferred materials for many applications.  For the short- 
est wavelengths of this range, fused silica alone is 
employed, but its very high melting temperature with 
attendant high fabrication cost and size limitations favors 
the use of more complex glasses of lower melting tempera- 
ture whenever possible.  The latter materials generally 
exhibit a short wavelength absorption edge near 320 nm. 
While a significant portion of the poorer transmission of 
the complex glasses is caused by absorption due to non- 
bridging oxygen ions introduced by the alkali and alkaline 
earth ions used as fluxes or glass modifiers (1), impurity 
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ions also contribute to the increased absorption.  In the 
infrared regior, the transmission of silicate glasses gen- 
erally does not extend beyond about 4 p.m because of a 
vibrational absorption of the silica component.  The use 
of either germanium oxide or alumina as the glass former 
in place of silica extends the useful transmission to 
around 5 urn.  However, in oxide ulasses the presence of 
hydroxyl groups produces the 0H~ absorption band at about 
3 M,m.  The influence of other common impurities upon trans- 
mission in this wavelength range does not seem to have been 
reported. 

Fused silica having good transmission at wavelengths 
shorter than about 200 nm is a very pure material, but com- 
plex glasses are generally mach less pure.  For applications 
of the latter materials which require a high purity such as 
ultraviolet transmitting glasses, f^lass fibers for optical 
communications, scintillators, dosimeters, and lasers, pure 
glass synthesis is complicated by the necessity of obtaining 
a relatively large number of pure raw materials, most of 
which are not as readily purified as is silica.  Conse- 
quently, whenever possible, studies of the role of impuri- 
ties upon the optical properties of glass are made with a 
simple model glass such as soda-silica in order to simplify 
preparation problems.  However, in the development of opti- 
cal glasses for practical ppplications more complex glasses 
are required in order to obtain ortimum properties and 
insure chemical durability.  In trie latter case the severe 
raw material purification problem cannot be avoided, and 
the preparations obtained are seldom as pure as those oi 
the model glass. 

Impurities can be introduced into glass preparations 
from the melting atmosphere and crucible as well as from 
the raw materials.  Platinum is the most inert crucible 
material for silicate glasses, but melts made in such cru- 
cibles can be contaminated not only by platinum, but by 
impurities in the crucible such as iron and copper.  Un- 
purified air atmospheres are a further source of contami- 
nation.  Copper is reported to be a common contaminant 
from air (2), and water vapor in air is of concern in the 
preparation of infrared transmitting glasses.  Another 
source of contamination in glass synthesis is impurities 
evolved from hot furnace ceramics.  Contamination from hot 
ceramics can be minimized by using a locally heated system 
such as a cold wall induction furnace which employs the 
platinum melting crucible as a susceptor.  Such a furnace 
also permits a choice of melting atmospheres.  Its disad- 
vantage is a crucible temperature which is generally higher 
than the temperature needed to melt the glass, a system 
which favors glass contamination by the crucible. 
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The detection and determination of trace impurities 
responsible for deleterious absorption in glass is a formi- 
dable problem.  In a succeeding section it will be shown 
that Fe3* and Cu+ in the fractional ppm range affect the 
ultraviolet absorption of sode-silica glass, and the toler- 
able levels for contaminants such as Cu, Fe, Ni, Cr, and Co 
in glass fiber optical waveguides have been set in the 
0.05 - 0.002 ppm range (2).  Methods for trace element 
determination in glass have been reviewed (3) and include 
colorimetric chemical analysis, emission and spark source 
mass spectrometry, electron spin resonance, and nuclear 
activation analysis.  A general qualitative analysis by any 
method is seldom useful for the identification of impurities 
in the range of interest.  A more successful procedure is 
to make an assumption that a particular ion is the source 
of an unwanted optical property, based usually on available 
information derived from the properties of glasses heavily 
doped with that ion, to set up a sensitive method for its 
determination, and to compare the optical properties of the 
ulass of interest with a series of pure glasses doped with 
low concentrations of the suspected impurity. 

In the following sections work related to the synthesis 
of pure glasses and the identification of the optical prop- 
erties due to trace impurities are reviewed.  Interest in 
pure glasses originated in an earlier program of the devel- 
opment of glass scintillators (4).  In this work melting in 
a reducing atmosphere waa required in order to maintain a 
cerium activator as the Ce3+ ion, and a superior ultra- 
violet transmission of the undoped base glass was noted 
when melting was conducted in the reducing atmosphere 
rather than in air.  In later work with a thermolumines- 
cent dosimeter glass the same improvement in transmission 
of the base glass was obtained as a function of the mel .ing 
atmosphere, and best thermoluminescent response of thr 
doped glass was found with reducing atmosphere melts even 
though the glass, a terbium activated lithium alumino- 
silicate, had no deliberately added components whose valence 
would be affected by the melting atmosphere (5).  These 
observations were the occasions for the study of the effect 
of melting atmospheres on a soc^ .-silica glass and the 
identification of the impurities responsible for its atraos- 
phore dependent properties.  The identification of platinum 
as one of these impurities combined with the known ability 
of platinum particles to damage laser glass led to a study 
of the platinum contamination of this material and the 
development of an essentially platinum-free la.^er glass. 
The final section reports some results of a present program 
concerned with aluminate glasses.  These glasses are of 
interest for their transmission in the 3-5 M.m region, and 
because they exhibit a particularly severe problem of 



platinum contamination 

SODA-SILICA GLASSES 

The difference in the ultraviolet transmission of ^lass 
as a function of the melting atmosphere noted previously 
has been observed by others and two explantions have been 
proposed.  Hensler (6) suggested that excess oxygen in the 
form of peroxide and Superoxide ions produced by melting 
in oxidizing atmospheres contributes an absorption in the 
ultraviolet.  An alternate explanation is that the differ- 
ence may be connected with the oxidation state of metallic 
impurities (7).  This is based on the fact that both the 
positions and extinction coefficients of transition metal 
ion absorptions are determined by their valence states. 
A clear choice between these explantions had not been pos- 
sible since available preparations had not been of suffi- 
cient purity to establish the intrinsic absorption spectrum 
of the glass.  Accordingly the study of the optical proper- 
ties of a pure 1.0 Na20 - 3.0 Si02 glass has been made (8). 

Samples were prepared by melting both in air and 
reducing atmospheres.  The raw materials used were recry- 
stallized reagent grade Na2C03 and Si02 prepared by the 
hydrolysis of ethylorthosilicate.  The iron contents of 
most preparations of these materials were ir.« the range of 
0.5 ppm by wt. as determined by colorimetric analysis. 
Both undoped glasses and glasses doped with from 1 0 - 1000 
ppm of iron were melted under both oxidizing and reducing 
conditions in platinum crucibles and their absorption spec- 
tra measured.  Ferric ion content of the doped glasses wat- 
determined from EPR measurements, and the Fe^ content of 
the undoped air melted glass was obtained from both the EPR 
and optical absorption spectra.  Further experimental 
details are contained in Ref. (8). 

Figures 1 and 2 illustrate the absorption spectra of 
the glasses melted in air and in the reducing atmosphere. 
Stronger absorption in the air melted glasses is evident, 
even in the unrioped samples.  Iron absorption in the air 
melted glasses is due to a Fe3+ band peaking at about 225 
nm.  The absorption in the glasses melted in the reducing 
atmosphere is from both Fc24" and Fe3+ ions.  From EPR data 
it was possible to determine the Fe3+ content of the 
reduced glasses and obtain the molar extinction coefficients 
for both Fe2+ and Fe^ ions.  By subtracting the Fe3"1- con- 
tribution from the absorption spectra of the reduced glasses 
and the base glass contributions from the spectra of the 
glasses melted in both atmospheres, the absorption of both 
FeJ+ and F«3* ions and their molar extinction coefficients 
were obtained as shown in Fig. 3  The optical absorption 



and EPR data employed in obtaininR the above results are in 
Table I. 

Both EPR and absorption data indicated a Fe^ content 
of about 6 ppm in the undoped air melted glass despite the 
fact that the iron content of the raw materials predicted 
a  uch lower concentration.  A much purer air melted sample 
was obtained from carefully prepared raw materials which 
were subsequently handled very caiefully in blending and 
Then melted only'one hour in a cold wall induction furnace 
Iron could not be detected in this glass by either «P^al 
absorpMon, EPR. or with a spark source mass spectrograph 
OM?It»d With an iron background of 0.2 ppm.  The absorp- 
tion spectrum of this sample together with the spectra of 
ear iSr air melted glass and glass melted *" the '^"fr 
atmosphere are shown in Fig, 4.  The absorption of the air 
melted and reduced glasses are identical 

The above results indicate  hat the ultraviolet ab- 
sorption of pure soda-silica glass is independent of the 
melting atmosphere and that previously measured dif erences 
can be attributed to a variation of the valence state of 
impurities.  While a number of transition metal ions might 
be expected to produce an absorption variation as a func- 
tion of melting atmosphere if P1"686111, in.suf f 1^e^r^"' red centration. iron appears to be the only impurity encountered 
which produced a measurable absorption difference. 

The above observation is based on transmission meas- 
urements of samples o." up to a few millimeters in thick- 
ness  However .in even the purest samplos, the presence 
of other absorbing ions was demonstrated by a very ^ak 
luminescence under ultraviolet light.  The ^entity of the 
impurities responsible for this luminescence has been 
revealed by comparing the optical properties of the pure 
stmples with thSse of samples deliberately doped with ions 
suspected to be the luminescence sources (9) 

Fig 5 shows the emission spectra of soda-silica glass 
melted both in air and in a reducing atmosphere.  The red 
luminescence in the air melted sample is due to platinum. 
It was obtained with only samples melted m platinum cru- 
cibles or with glasses melted in ceramic crucibles v/ith 
deliberate platinum doping.  Luminescence in glass due to 
platinum had been reported previously (10). but the valence 
state of the platinum ion had not been determined^  The 
pomts superimposed on the spectrum of the J^ melted glass 
represent the emission of a preparation of KgPtClg. tne 
luminescence of which was first reported by Douglia e ,' al 
(11)   The exact coincidence of the spectra leads to the 
comlusion that the red luminescence of the glass is due 
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and EPR data employed in obtaining the above results are in 
Table 1 . 

Both EPR and absorption data indicated a Fe**-4" content 
of about 6 ppm in the undoped air melted ^lass despite the 
fact that the iron content of the raw materials predicted 
a much lower concentration.  A much purer air melted sample 
was obtained from carefully prepareo raw materials which 
were subsequently handled very carefully in blending and 
then melted only one hour in a cold wall induction furnace. 
Iron could not be dPl3Cted in this glass by either optical 
absorption, EPR. or with a spark source mass spectropraph 
operated with an iron background of 0.2 ppm.  The absorp- 
tion spectrum of this sample together with the spectra of 
earlier air melted glass and glass melted in the reducing 
atmosphere are shown in Fig. 4.  The absorption of the air 
melted and reduced glasses are identical 

The above results indicate ihat the ultraviolet ab- 
sorption of pure soda-silica glass is independent of the 
melting atmosphere and that previously measured differences 
can be attributed to a variation of the valence state of 
imr-rities.  While a number of transition metal ions might 
be expected to produce an absorption variation as a func- 
tion of meltinp; atmosphere if present in sufficient con- 
centration, iron appears to be the only impurity encountered 
wh.ch produced a measurable absorption difference. 

The above observation is based on transmission meas- 
urements of samples of up to a few millimeters in thick- 
ness.  However, in even the purest samples, the presence 
of other absorbing ions was demonstrated by a very weak 
luminescence under ultraviolet light.  The identity of the 
impurities responsible for this luminescence has been 
revealed by comparing the optical properties of the pure 
samples with those of samples deliberately doped with ions 
suspected to be the luminescence sources (9). 

Fig. 5 shows the emission spectra of soda-silica glass 
melted both in air and in a reducing atmosphere.  The red 
luminescence in the air melted sample is due to platinum. 
It was obtained with only sanples melted in platinum cru- 
cibles or with glasses melted xn ceramic crucibles with 
deliberate platinum doping.  Luminescence in glass due to 
platinum had been reported previously (10). but the valence 
state of the platinum ion had not been determined.  The 
points superimposed on the spectrum oi the air melted tclass 
represent the emission of a preparation of F^PtClg. the 
luminescence of which was first reported by Douglas et. al. 
(11).  The exact coincidence of the spectra leads to t lie 
comlusion that the red luminescence of the glass is due 
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to the Pt44- ion 

The contaminant suspe 
luminescence of the glass 
was copper.  Copper doped 
lar emission spectra, but 
unique features which woul 
this property alone convin 
in reducing atmospheres we 
in air, demonstrating that 
Cu+ ion in agreement with 
ther corroboration of the 
tor of the yellow luminesc 
obtained from the excitali 

cted as the source of the yellow 
melted under reducing conditions 
samples were lound to have simi- 
1 he spectra were broad and had no 
d make an identification base*' on 
cing.  Copper doped sampler melted 
re more efficient than those melted 
the luminescent activator was the 

the work of Karapetyan (12).  Fur- 
ro1e of (he Cu+ ion as an activa- 
ence of the undoped glass was 
on spectra of Fig. 6. 

The main excitation ol the undoped glass and of the 
samples doped with up to 10~s Cu is in a band which is still 
increasing at 240 nm. the wavelength limit of the measuring 
equipment (9).  This confirms the identification of copper 
as a source of the yellow luminescence, but the small peak 
at 285 nm is not due to copper, and the shift of the main 
excitation peak to shorter wavelengths with the higher 
copper concentrations was unexpected. 

The shift of the excitation peak and the saturation of 
the emission intensity with increasing copper content shown 
in Fig. 6 are due to the presence of Cu**" ions.  This was 
determined from the absorption spectra of Figs  7 and 8. 
In the air melted glass. Cu** ion is seen to produce an 
abporption with a peak at about 235 nm. and this peak is 
present in the spectra of ! he glasses melted in the reduc- 
ing atmosphere whose copper concen'rat ions are those of the 
samples exhibiting the shift of the excitation peak.  The 
Cu** ion absorbs the shorter wavelengl li ultraviolet in the 
excitation measurement without producing luminescence, 
rendering the longer wavelengths relatively more effective 
in exciting the glass and producing a shift ff the measured 
peak.  The ultraviolet absorption spectra of Cu+ and Cu^''' 
ions are remarkably similar to those o< Fe^4" and Fe^- ions, 
suggesting that the absorbing centers are similar complex 
species involving ions of the matrix glass. 

The copper content of the  ndoped f^lass was obtained 
IVom determinations made with c.^lorimetry, mass spectro- 
graphic analysis, and from electron spin resonance which 
deteCiS on Cu^4- ions  Results are shown in Table II.  The 
hiuher copper content of the air melted glass is believed 
to be due to greater contamination suffered in the melting 
process   Copper contain'nation of gl?,ss melts from impuri- 
ties in platinum crucioles was found ,o be more severe in 
oxidizing than in reducing atmospheres. 
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The impurity responsible for the 285 nm excitation 
peak proved to be sulfur.  Sulfur doping of soda-silica 
glass produced a yellow luminescence, and the excitation 
spectra of Fig. 9 clearly show the 285 nm excitation peak 
to be a function of sulfur concentration.  Preparation 
conditions, doping with sodium sulfate and melting in a 
reducing^atmosphere, suggests that the luminescent center 
is the S^~ ion.  This ion has not been previously reported 
as an activator of luminescence.  The S2 ion is known as 
a luminescent activator of both glass and crystalr (13), 
but this ion produces a "ery different emission spectrun 
and requires a much higher doping level in glass than the 
concentration which would be present in the rather pure 
soda-silica samples. 

A limited amount of work with more complex alkali, 
alkaline earth slicate and aluminosilicate glasses demon- 
strated the copper and platinum contamination of these 
materials as well.  When melted in • redi.cing atmosphere 
the undoped alkali, alkaline earth silicates luminesced 
yellow and the aluminosilicates blue.  Tith these emissions 
were from copper impurities.  A luminescence due to sulfur 
was not found.  Air melting all these glasses in nlatinum 
crucibles produced the red luminescence of the Pt*4" ion. 
Subsequent remelting of air melted samples in a reducing 
atmosphere produced gray glasses containing metallic plati- 
num particles, suggesting that reduction of dissolved ionic 
platinum ran be a source of metallic platinum particles in 
laser and other optical glasses. 

LASER GLASSES 

While platinum is widely used as a container material 
in glass melting, it is recognized that this practice can 
result in contamination of the glass by platinum particles 
(14).  These platinum particles have been found to have a 
destructive effect in the Q-switched operation of laser 
glass, and extensive programs for the production of plati- 
num-free laser glass have been pursued (15).  It has been 
shown that the most important contaminating mechanism is 
the atmospheric oxidation of the platinum crucible followed 
by a vapor phase transport and reduction of the platinum 
oxide to produce platinum particles in the melt (15).  In 
ad Jit ion the reversible solution and reprecipitation of 
platinum particles in a glass melt has been reported (16) 

Laser glass is currently melted in rlatinum in a 
nitrogen atmosphere, and available inspection techniques 
cannot detect platinum particles in thif.. product.  How- 
ever, this glass has been found to contain from 2-5 ppm o^ 
platinum.  Undoubtedly the most of this platinum is present 
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as PtOg dissolved in the Klass and is innocuous in laser 
operation.  Analytical procedures are not ablp to distin- 
guish between oxidized and metallic: platinum in ^lass. so 
that the rv' «ration Of material with a much lower total 
piatiMun Cerent would provide greater assurance of the ab- 
sence o  d-rmaging platinum particles.  The work described 
in the last section showed that air melting of soda-silica 
^lass produced uissolved platinum with attendant lumines- 
cence, but that melting in a roducing atmosphere did not 
Moreover  mass spe-trographic analysis, sensitive to 50 ppb 
ol platinum was unable to detect this element in bulk por- 
tions of the glass melted in the reducing atmosphere 
Accordingly the application of this melting technique to 
laser glass has been pursued (17). 

Samples of commercial-type aluminosilicate and barium 
crown Klasses we-e melted in nonoxidizing atmospheres in 
he cold wall induction Iurnace, and while the inner or 

JniJjmj?1! Were Platimim free. the surfaces were contam- 
Zlt  wlihH

dePoslts of  bright lacy platinum consistent with 
he leported appearance of platinum contamination resultinc 

irom the crucible oxidation mechanism (15).  The melts were 
not stirred, but in a production process these deposits 
would be stirred into the glass to produce damaging parti- 
cles.  While such deposits had not been noticed on soda- 
silica glass, careful examination of this material revealed 
similar platinum contamination.  The results of melting the 
laser glasses are shown in Tahi.e TH. 

The lesser contamination of ; he barium crown trlass as 
compared to the aluminosilicate indicated an effect of the 
Ulass composition, and this effect was corroborated by sub- 
^fL n*01'1' Tith an ^-i-^e aluminosilicate and with 
toK?  < ^ ?laSS•  The results are shown in Table IV This 
table indicates that the simple elimination of alkali will 
not provide a solution to the contamination problem, but 

i hLn   ?mlna^i0n,Can Probably be avoided bv maintaining 
a high ratio ol silica to alkaline components 11 the ulass 
can be melted at 1400^.  However, the 1-5 and 1 6 soda- 
?iüo? ^rl?fSeS ?id not Produce uniform «lass at even the 
1500o(. melting temperature. 

th.i/16 ^7 natUre 0f the P15111"1"" deposits combined with 
heir cependence upon the glass composition and Beltln« 
emperature suggests that the contaminating mechamsm is 
he oxictation process, but that oxygen can be contributed 
^•i-  a;"»osPhere by dissociable volatile components of the 
^! fiü1!!   i" *he Slassts prepared these components are 
the alka.i and alkaline earth oxides whose relative volatil- 
ity and stability are associated wUh the meltin, and boil- 
ing points and free energies of formation shown in Tables v 
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and VI.  The available dJvta suggested 'hat increasing vola- 
tility and decreasing stability oi vapor are in the order 
(MgO 4 CaO) . SrO. BaC, Li20. Na20, K.,0.  This order plus the 
importance of the total concentration of alkaline components 
learned from the soda-silica glasses permits an interpre- 
tation of the contamination ox the complex laser glasses. 
The composition of these glasses and the ratio of t tie alka- 
line to the acidic components are shown in Table VII. While 
the aluminosilicate glasses contain desirable alkaline com- 
ponents, the ratio of alkaline to acidic materials is very 
high.  The barium crown glass has a much more favorable 
ratio, but employs more volatile and less stable alkaline 
compounds.  Potassium is probably particularly harmful. 

Work with the soda-silica glasses suggested that con- 
tamination could be minimized in a glass having ?.n alkaline 
to acidic component ratio of 1-5 if this glass could be 
melted at 1400oC,  The development of ? laser glass of this 
ratio therefore was andertaken with the assumption that such 
a glass would require a relatively large number of compo- 
nents in order to achieve the low melting temperature. Syn- 
thesis was restricted to the use of those alkali and alka- 
line earth compounds expected to be least volatile and most 
stable and proceeded with the compositions of Table VIII. 

In giarfs number 1, the ratio of total alkali oxide to 
alkaline earth oxide was chosen as 1:4 in the expectation 
t hat a low melting point would be favored by a high pro- 
portion of alkali oxide.  The known tendency of lithium 
silicate glasses toward devitrification led to a choice of 
the proportions 1 Li20 - 3 Na^O.  The proportions 1 MgO - 
2 CaO is that of an eutectic Between these materials, which 
might be of assistance in minimizing the melting temperature. 
The AlgO« content of 1.0% is typical of silicate crown 
glasses.  This glass melted at 1400oC, appeared platinum- 
free, but had a few undissolved seeds and many bubbles. In- 
creasing its alumina content to that of glass number 2 
eliminated the seeds, but not the bubbles.  Providing the 
calcium as calcium fluoride, a common fining agent, greatly 
reduced the bubble content, and glass number 3 is believed 
to be a practical composition.  Introduction of dopant ions 
such as cerium and neodymium to produce laser glass present- 
ed no additional problems. 

A comparison of the platinum contamination of this 
krlass with that of the aluminosilicate and barium crown 
type laser glasses made under the same conditions are shown 
in  Table IX.  The aluminosilicate and barium crown composi- 
tions are those of Table VII, the Resistant glass is number 
:{ from Table VIII, and Resistant D is the same glass doped 
with O.n Ce203 and 0.5''r NdgO,,.  The surface platinum 
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per million by wt       Vo lllu. ^ pla,-inum  ^  in  parts 
sample.     The  sensitivUv o       ^ ll'S***0*9*   in ^ ^ 
is   lower   for  bulk samples of  calt,?0" fctivatio"  technique 
for  barium crown       Su^laL  ni^f containing «lasses   than 
sistant  «lass only wUh  the^assTn^f8  detefteti 0"  the  re- 
very  close  to the^ensit^ttri^rort^^n:^^.1-^ 

were  prepared  by a  process whirh  v« •  0;.I
50-500-     All  glasses 

pUtlnu.  contamLatfon     ^..rsmau     LnJ       '  maximizes 
piovirjes  a  hich  ratio  «♦ smaix  sample   sxxe.   about   20  e 
volume  of   the  melt     anHtf^08^  platl,lllm  ^rface   to   th* 
heats   this  sur^ace'to  f  hi^   r'10"   heaiinK  technique' 
-It.     The   production  oATrZrTJtZllTn ^   ^  **   the 

heated  furnace  should  lead  ^1^11 ^^^ 

".LUMINATE  GLASSES 

tranSmUS!rth:r3V-rmIc^nC^Ci!lm  *l**i*'** «•  ^nown   to 
Ug  characterStxcs  TnöTi^s^en^^^l^  hi«h "ielt- 
which  do  not   transmit   beyond  4™* plicate  «lasses 

devitri^^tLrres'Jstanrair6  '^  '***  *m0n*  *** -st 
contain components such  'SM'S'^O  'n^f are  those whi^ 
or  Si02   in  addition  to CaO and^fn'     >0'   La203'   Pb0-   G^0 
the  Si82  containing passes  dfvitÄi. 7'   th?t  in a11  but2 

problemJeven with  samnl^f  fho^ Catl0n   1S  a  severe 
in«  from   the  SJt   ^™r!ti^e

o?,l?idJLqUe,1Ch#d  b>'  cast- 
devitrification.   but   redrn^H   t ^   •   !•   ^   Sj02  eiiminated 
yond  4  microns.     BeO Ilso  Tnln!       ^i**1?*  ^^^mission  be- 
tance  but  adversely afferir 7       ed  devUrittcat ion resis- 
Rlasses contatnin^GeL were  alsoSmiSSl0n;     SOme  COmPle* 
oi   Ge09   to  prevent   dev?trmr^f     prepared'   but   the ability 
use of2alkalis  and Fe 0       n  n- '      \ ^ T  mention^.     The 
has  also  been  repor  e^W    ^0 V0" f  devitr i f icaUon ponea   idQ),   but   elements  such as alkalis. 
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Fe, Pb, and Ge cannot be used in glasses to be remelted in 
vacuum in graphite crucibles.  Florence also noted that 
aluminate glasses were colored amber to brown due to melting 
in plat inum (19). 

In a current exploration of the properties of aluminate 
«lasses, more devitrification resistant compositions have 
been obtained, and the color due to platinum has been 
eliminated.  Twenty gram samples of aluminate glasses have 
been melted in platinum crucibles in several atmospheres 
and allowed to cool in the melting crucibles.  01 previously 
reported compositions containing MgO, BaO, CaO, A120„. 
GeO^. SiOg, IAMOQ, only those containing Si02 failed to ex- 
hibit severe crystallization,  A new molar composition 6.8% 

■gO, 53 7% CaO, 7.9% BaO and 31.6'; AUO,, proved superior to 
any previously reported for the MgO. Cao, BaO, A120_ system. 
\ compos: tion" 8.6% MgO, 49.2^ CaO, 6.7^ BaO, 29.1% alo^ 
and 6,4% Si02 was completely devitrification resistant as 
expected, and a germanium analog containing Ge02 instead 
of Si02 was nearly equally good,  A new composition con- 
taining 9.2% MgO, 48.0% CaO, 7.7% BaO. 32.4% A1203 and 2.7^ 
V20„ was about as good as the germanium glass.  The infra- 
red absorption of the Ge02 and Yo0Q containing glasses are 
yet to be determined. 

2 3 

Melting in nonoxidizing atmospheres produced colorless 
«lasses with the above four compositions.  A comparison of 
the transmission of the MgO, CaO, BaO, A120„ glass melted 
in air with that of a sample melted in a reaucing atmos- 
phere is shown in Fig. 10.  The poorer transmission of the 
air melted sample in the visible and ultraviolet is due to 
dissolved platinum, the absorption in both glasses at 3 
microns is from the OH band.  The reason for the poorer 
transmission of the air melted glass at the longest wave- 
length is not known.  The reduction of the OH band by the 
reducing atmosphere melting was greater than expected since 
the atmosphere used was not the dryest obtainable in the 
cold wall furnace.  It is possible that further improve- 
ments in the atmosphere control could eliminate the OH 
hand and the necessity for remelting in graphite crucibles 
in vacuum. 

The earlier work with laser glasses provided compo- 
sitional guidelines for the preparation of platinum-free 
glass.  A ratio of alkaline to acidic components of about 
1:5 was found useful.  Such a ratio cannot be achieved in 
t lie aluminate glasses since the glass fornlng region is 
limited to compositions near a 1:1 ratio.  In most samples 
of aluminate glass prepared by melting in nonoxidizing at- 
mospheres, metallic platinum contamination was observed by 

11 



i inspection with a low power microscope.  While in silicate 
glasses platinum deposits were found only on the surfaces of 
«lass nelts, in aluminate glasses crystals of platinum were 
observed in interior portions as well  Some observations 
on the platinum contamination as a function of the melting 
atmosphere are shown in Table X.  The formation of these 
platinum depositr. was found to be independent of the pre- 
sence of silicon, germanium, or yttrium, except that no 
germanium containing samples were melted in atmospheres con- 
taining CO. 

The brown and yellow colors are due to dissolved plati- 
num.  With only a high purity argon atmosphere was platinum 
contamination not observed.  However, in light of the fact 
that the aluminate glass omposi L ions are not considered 
favorable for platinum contamination resistance, the effec- 
tiveness of the argon atmosphere awaits confirmation by 
sensitive chemical analyses. 

SUMMARY 

Work on the synthesis of pure glasses and the determi- 
nation of the effects of impurities upon the optical prop- 
erties of some glasses has been reviewed.  The near ultra- 
violet absorption of silicate glasses has been shown to be 
due to impurities, particularly iron, and iron has been 
demonstrated as the source of the variation of the ultra- 
violet absorption of these glasses as a function of melting 
atmosphere.  Copper, sulfur, and nlatir-.um has been identi- 
fied as absorbing impurities from luminescence studies. 
Platinum contamination from glnss melting crucibles has 
been found to be a function of both the glass composition 
and melting atmosphere, and a new nearly platinum-free 
laser glass has been developed.  New compositions and 
melting procedures have been obtained for infrared trans- 
mitting aluminate glasses which are resistant to both 
devitrification and platinum contamination. 

i 
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TABLE I 

Correlation of Optical Absorption and 

Electron Spin Resonance Intensity in 

Iron-Doped 1.0 Na20 - 3.0 Si02 Glasses 

Iron Doping 
Level (ppm) 

Melting 
Atmosphere 

Optical 
Absorption* 
Coefficient 
at 225 nm 
(cm-1) (1 mm 
thickness) 

Normalized 
Electron Spin 
Resonance** 
Intensity at 
g m  4.28 due 
to Fe3+ 

0 Air 4.9 5.9 

10 Air 13.2 15.0 

100 Air 93.0 105 

1000 Air 920 1000 

0 Reducing 0.0 0.0 

10 Reducing 3.1 1.1 

100 Reducing 14.0 4.0 

1000 Reducing 82.0 14.1 

* Optical background level taken as that of an undoped 

glass melted in a reducing atmosphere with negligible 

iron absorption. Wavelength of 225 nm corresponds to 
3+ center of Fe  absorption band. 

3+ 
**  EPR  intensity normalized to ppm of  Fe       at  1000 ppm. 
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TABLE   II 

Copper Content of Undoped Glass 

Analytical 
Method 

Air Melted 
Glass 

Glass Melted 
in Reducing Atmosphere 

EPR 2 X lO"6 

Colorimeter 1.5 + 0.2 X 10"6 0.5 ± 0.1 X 10"6 

Mass Spectrogrs iph 0.4 X 10"6 
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TABLE V 

Melting and Boiling Points of Alkali and 

Alkaline Earth Oxides 

Compound 

Li20 

Na20 

K20 

MgO 

CaO 

SrO 

BaO 

Melting Point K 

2000 

1190 

(980) 

3173 

2873 

2703 

2196 

Boiling Point 0K 

< 2500 

3800 

3000 

i 
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TABLE VI 

Free Energy Change for Reaction 

R^02-RO 

or 2R+f;0,/-R20 

Compound 

K20 

Na20 

Li20 

BaO 

SrO 

MgO 

CaO 

(Calor 
AF0T 

ies,   1500oK) 

- 15,4 00 

- 36,600 

_ 89,500 

- 99,000 

- 106,000 

- 101,700 

- 114,500 
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Fig. 1 - Absorption spectra of iron doped glasses melted in air. 
Sample thickness 1 mm. 
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Fig. 2 - Absorption spectra of iron doped glasses melted in 
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Fig. 3 - Molar extinction coefficients for ferric and ferrous 
ions in soda-silica glass. 

A 1000 ppm iron 

0 100 ppm iron 

D 10 ppm iron 
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220 240 260 280 
WAVELENGTH    (nm) 

300 320 

Fig. 4 - Ultra violeted absorption of undoped soda-silica glass 
melted in air and in reducing atmosphere. 

A        Air-melted 

0        Melted in reducing atmosphere 

D       Air-melted, high purity 
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DIFFRACTION EVIDENCE FOR TRIDYMITE-LIKE ORDERING 

IN oILICA AND GERMANIA GLASSES 

John Konnevt, George A. Ferguson, Jerome Karle 

The nature of the atomic arrangements in glass is 
currently the subject of considerable debate.  In one 
model, the glass is described as a "random network" (1) 
in which only the shortest interatomic distances corre- 
spond to those in a crystalline phase.  In another model, 
the glass is depicted as composed of small regions of 
crystalline-like order that are bonded together in essen- 
tlally random orientations (2).  The diffraction patterns 
oi glasses have generally been interpreted as supporting 
the "random network" model. 

It was felt, however, that certain inaccuracies both 
in the data collection and data processing could be mask- 
ing important structural information that could prove use- 
ful in differentiating among models.  The main sources of 
error in analyzing the diffraction data are: 

1,  Insufficient accuracy of the raw data experimen- 
tal measurements. 

2. 

3. 

Inaccurate separation of the interatomic distance 
contribution to the total intensity. 

Experimental limitations on the range of the data 
collection. 

Problem 1. is, of course, solved by collecting the 
data to a high degree of statistical accuracy, a time-con- 
suming, but straight-forward, procedure.  The latter two 
problems have been solved by the imposition of constraints 
on the resultant radial distribution function (RDF) (3). 
A procedure similar to that developed in the field of 
electron diffraction of gases is employed to separate 
from the total intensity that portion, i(s), containing 
the interatomic distance information (4).  The experimen- 
tal limitation of the data, the truncation problem, has 
been solved by recognizing that only the several shortest 
distances occurring in the sample are sufficiently ordered 
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to contribute appreciably to the diffraction pattern at the 
experimental limit of data collection.  These short dis- 
tance (SD) contributions may be removed from i(s) by re- 
quiring that the resultant RDF be free from spurious de- 
tails at small and large r.  The equation utilized is: 

r2D(r) = 4 tr r2(o(r) - D0) = 

2i 
r 

/* r       ^ N. .f .f . £ srKi(S) _y _ijii_j 
I SD  Srij I 

2  2 
Ni.fif. exp (-^ijS /2)-sinsri. 

SD 

sinsr ds 

uc 

+ SD contributions 

where s ■ (4nr  sinSA), x is the wavelength, 29 is the angle 
between the incident and diffracted beam, K places the in- 
tensity on an absolute scale, r^j is the distance between 
the ith and jth atoms, N^-j is the coordination number, X^j 
is the disorder parameter, UC is the unit of composition 
(Si02 or GeC^) , s   is the experimental limit of data co- 
llection, t^e f's are the atomic scattering factors, p0  is 
the density parameter, and 47rr2p (r) is the probability 
weighted by the scattering factors of finding atoms in the 
sample separated by r in the distance interval (r, r+dr). 

This newly developed data reduction procedure has been 
employed with diffraction data obtained from silica glass 
and germania glass.  X-ray diffraction data were collected 
with MOKQ radiation using samples formed both from fusing 
quartz and fusing the vapor phase hydrolysis products of 
pure silicon compounds ("infrasil" and "suprasil", prepared 
bv Amersil Inc.).  All data sets produced nearly identical 
RDF curves.  Neutron diffraction data were collected with 
0.84 A neutrons at the National Bureau of Standards using 
"suprasil" and germania glass samples prepared by Mr. 
Robert Ginther of the Naval Research Laboratory.  The RDF's 
are illustrated in Fig. 1.  Significant features are pres- 
ent out to at least 20 A, features that are not consistent 
with the popular "random network" model. 

There exist several polymorphs of silica with varying 
densities; 2.20 g/cc for the glass, 2.31 g/cc for tridymite, 
2.32 g/cc for cristobalite, 2.49 gm/cc for kestite, 2.65 
g/cc for quartz, 3.01 g/cc for coesite, and 4.28 g/cc for 
stishovite.  These densities suggest that tridymite and 
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cristobalite might be related to the predominant atomic 
arrangements in the glass.  Germania has been observed to 
exist in three polymorphs; the glass with a density oi 3 65 
g/cc, a quartz type structure with a density of 4.2 g/cc* 
and a rutile structure with a density of 6.2 g/cc!  Signifi- 
cantly, the ratio of the densities of germania glass to 
quartz-like germania is the same as the ratio of the densi- 
tjes of tridymite to quartz. 

RDF's were calculated for the crystalline forms by 
broadening the Bragg maxima in the powder diffraction 
patterns to correspond to an 11 A par icle size for 3/4 of 
the sample and a 20 A size for 1/4.  The crystalline struc- 
tural parameters for quartz (5) and cristobalite (6) are 
well known from crystal structure analysis and were used to 
calculate the powder diffraction pattern.  Tridymite, how- 
ever, forms highly twinned crystals and the precise struc- 
ture has not yet been obtained.  Evidence for the bonding 
topology is provided by a high-temperature structure (7) 
For this reason a powder diffraction pattern was coilected 
experimentally on a sample that possessed orthorhombic 
diffraction symmetry with cell dimensions of a = 81 97 A 
b - 9.94 A, and c = 17.23 A. '    ' 

In Fig. 1 the RDF's are illustrated.  It can be seen 
Liiat the x-ray RDF for silica glass is quite similar to the 
RDF obtained from the powdered tridymite, but considerably 
different from those obtained from cristobalite and quartz 
The RDF for germania glass from neutron diffraction is very- 
similar to the RDF for silica glass from x-ray diffraction 
Since the Ge and 0 atoms scatter neutrons with approximate- 
ly the same relative efficiency as Si and 0 atoms scatter 
x-rays, the RDF's strongly suggest that silica glass, ger- 
mania glass, and tridymite possess very similar short-ranee 
order. ■ 

The diffraction data for the glasses are consistent 
with a structure in which nearly all of the atoms are with- 
in tridymite-like regions of dimensions up to at least 20 
A.  If this interpretation is correct, it requires that 
these regions be bonded efficiently together in a manner 
analagous to twinned crystals, but with a fairly large 
numhor of relative orientations and small distortions that 
result in Isotropie macroscopic properties.  The junctures 
between the ordered regions could then be related to diffe— 
ences in the inner regions of the RDF's of silica glass and 
t i-idymite-like particles. 

In summary, the development of procedures for obtain- 
ing RDF's with a high degree of accuracy has resulted in 
I he observation of structural details that were heretofore 
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r unobtainable.  These details implv a ereat Qimii^r.^  K 
tweeu glasses and crystals on tL'atomlc leveT     ' ^ 
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ULTRAVIOLEJ SPECTRA OF SILICATE GLASSES 

A REVIEW OF SOME EXPERIMENTAL EVIDENCE 

G. H. Sigel Jr. 

ABSTRACT 

Ultraviolet spectroscopy is a useful experimental tool 
for the determination of the electronic structure of glass- 
es.  This paper discusses the ultraviolet spectra of SiOr, 
and high purity silicate glasses.  It considers in turn, 
absorption intrinsic to the Si-0 network, the effects of 
network modifiers, impurity induced absorption, lumines- 
cence and radiation damage, both permanent and transient, 
in the wavelength region extending 1rom 90 to 350 nm. 

I INTRODUCTION 

Recent technological advances in areas such as fiber 
communications, laser rods and windows, integrated optics, 
and electronic devices have focussed attention on the pre- 
paration and characterization of high purity glasses.  One 
field of particular signilicance is the ultraviolet spectro- 
scopy ol Si02 and silicate glasses.  The far u.V. is the re- 
gion of the fundamental electronic absorption of the glass- 
es.  It is in the u.v. that both substitutional and modify- 
ing impurities exhibit their strongest absorption.  In 
addition u.v. excitation normally produces luminescence in 
silicate glasses.  Finally the basic radiation-induced de- 
lect centers in silicates exhibit absorption bands in the 
u.v. region. 

This paper summarizes the results ol an effort aimed 
at characterizing the ultraviolet spectra of high purity 
SiOy and simple silicate glasses.  It considers in turn, 
intrinsic absorption, impurity-induced absorption, lumi- 
nescence and radiation-induced absorption, both p'-rmanent 
and transient, which occur in the region extending 1rom 
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90 to 350 nm.  The purpose of the paper is not to give  a 
comprehensive review of the ultraviolet spectra of «lasses 
but whenever possible, references have been made to ore-  ' 
vious work in the field. 

II EXPERIMENTAL 

Materials Preparation 

Fused silica samples of Corning 7940 and 7943. Supra- 
sil and Dynasil were used for this investigation as well as 
Sawyer crystalline quartz. 

The alkali and aluminum-doped silica samples which 
were used were prepared by E. Lell while at Bausch and 
Lomb. Inc., using a flame fusion technique described else- 
where^i;.  Flame photometric determinations of the alkali 
content were made(2) SinCe considerable loss can occur dur- ing preparation. wttui aur 

The alkali silicate glasses were prepared by R J 
Ginther of the NRL Central Materials Staff.  Transition 
metal content of the best melts was less than 0.5 ppm ESR 

us^oT? ^^f8' and maSS sPcctrographic analyses were 
used to select both the purest starting materials as well 
as finished glasses. 

Thin glass films were prepared using an MRC r-f snut- 
tering unit.  Target materials were selected from those 
glasses mentioned above. 

Measurements 

Ultraviolet absorption measurements above 200 nm were 
made on a Cary 14 spectrometer.  Samples were mounted in an 
optical dewar whose temperature could be varied from room 
iL-l MJ ^liurn temperature.  Below 200 nm, McPherson 
model 225 and 235 vacuum u.v. instruments were used to make 
retlectance and absorbance measurements respectively  A 
special reflectometer designed by Berning et al^) ^s  usecl 

Samples were irradiated with 50 kV x rays. 2 MeV eW- 
rons, and pulsed 600 keV electrons.  The pulsed irradia- 

tions were performed using  a Febetron 706 accelerator 
lm!. oi^ere maintained at constant temperature (300°' 77° 

or 4.2 K) and radiation induced coloration was measured by 
observing the attenuation of monochromatic light passed 
through the region of the sample in which the incident 
electrons were stopped.  The experimental setup is shown 
m Figur« 1. and has been described by Williams et %{(*) 
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The apparatus was  designed  to measure 
effects   in optical  materials. 

transient  radiation 

ESR measurements were  made  using  Var^an E-3  and  E-9 
spectrometers  operating at  x  band frequency. 

Ill   RESULTS  AND  DISCUSSION 

A>     Fundamental  Ultraviolet  Absorption  of   Sip 
IB 

ntom/w
d I1^6?/11? crystal a-quartz both consist of Si 

atoms tetrahedrally bonded to four 0 atoms, each 0 atom 
being common to (bridging) two such Si04 tetrahedra.  The 
Si-0 bond distance is roughly 1.61A in both materials. The 
M-O-Si bond angle in crystal a-quartz is 144°, but may 
vary in fused silica.  Figure 2 shows the position ol the 
u.v. edges of high purity crystalline quartz, fused silica 
and a silicate glass.  The shift of the edge of silica rel- 
ative to quartz is thought to occur because of the distri- 

vzrlT^0*  Si"H"Si b0nd anglea in the «lass' resulting  n a variation in bond energies.  However, the electronic ab- 
Phn5i0?^S pri^riJy determined by the short range order. 
«iiJififi ^ ^   llrSt t0 measLU,e the u-v- reflectance of 
crystalline quartz and fused silica and noted the similar- 
ity of the two.  Figure 3 shows the reflectance spectra 
taken m our laboratory of high purity a -crystal quart/ 
and fused silica.  The similarity of the reflectance of the 
crystalline and glassy Si02 indicate that the absorption 
bands are not strongly dependent on the long range perio- 

Ultll  flJL^^V^'     ThiS SU^CSts that the absorption aiises from electronic transitions characteristic of the 
Si04 tetrahedron.  The first absorption peak in SiOo does 
no occur until 120 nm (10.2 eV) although the transmission 
cutoff occurs at significantly lower energy (8.2 eV). 

The necessity for some ordering even in the glass is 
suggested by measurements made on sputtered SiOo films 
Ihese films do not exhibit in reflectance any spectral' 
structure such as found in the bulk silica samples.  Rather 
they show an ever rising absorption edge near 8 eV.  Since 
the films were prepared in argon, thoy may be slightly 
oxygen deficient.  However Phillip^ has recently shown 
that even SiO shows structure similar to Si09.  It must be 
concluded that the failure to observe any structure ?n the 
ilms results from the lack of even very short range order 

in the films.  Supporting this hypothesis was the evidence 
that annealing m vacuum at 750^ partially restores the 

Sia; fiLs!rUCtUre ^ tlie U-V- ^"^tance of sputtered 
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Several theorpt^al papers C7"!0) in the past lew 
years have attempted interpretations of the fundamental ab- 
sorption of Si02.  There is not universal agreement at this 
time with regard to the electronic transitions involved. 
Loh^11) had proposed that the 10.2 eV peak was an exciton 
(I.e., a bound electron-hole pair) of the Si-0 antibondin^; 
leveland the 11.5 eV peak represented an interband tran- 
sition.  This tentative assignment was made by the compari- 
son of the Si02 spectra with that of other semiconductors 
and insulators on the assumption that in general exciton 
transitions result in sharp peaks while interband transi- 
tions manifest themselves as either broad peaks or absorp- 
tion edges.  A valence bond model of Ruffa^') for Si02 
Hives general support to this interpretation.  Ruffa identi- 
fied the sharp  (120 nm) 10.2 eV peak with a Wannier exci- 
ton formed by the breaking of a single Si-O bond.  The next 
broad peak at 108 nm (11.5 eV) was attributed to band-to- 
band transitions. 

Reilly^ employed a molecular orbital approach to 
interpret the valence levels of Si02, using hybrid orbitals 
of a Si-O-Si molecule.  He observed that the highest filled 
valence band of SiC^ is probably associated with the oxygen 
2p valence electrons which do not participate in the Si-0 
bond.  Since the similarity of the abso.-ption of crystalliie 
and amorphous forms of Si02 requires transitions which are 
insensitive to the Si-O-Si bond angle, the 10.2 eV peak was 
attributed to a transition to an exciton state with the hole 
orbital corresponding to the oxygen 2p- orbital (i.e., the 
non-bonding oxygen orbital orthogonal to the SiO bonding 
orbital) and the electron orbital resembling the oxygen 3s. 
Possible explanations ^iven for the 11.5 eV peak were that 
it corresponds either to a transition from the non-bondini-, 
oxygen p levels to the antibonding level or to the oxygen 
2p-3d transition which is roughly 11 eV in the oxygen atom. 

Bennett and Roth^ have also employed the molecular 
orbital approach using the extended Huckol Theory to make 
their calculations on clusters of two and eight Si02 mole- 
cules.  This technique calculated an energy gap of 13 eV 
compared to an experimental value of 11 eV.  The removal of 
an oxygen atom was found to result In the introduction of 
several levels in the energy gap which appear to account 
lor experimentally observed radiation bands. 

Abarenkov et al    have used a semi-empirical method 
tor the calculation of the electronic structure of vitreous 
^ermania and silica.  The results of this calculation süh- 
nest a covalent model for oonding in silica.  The similar- 
ity of energy levels calculated for chainlike and tetra- 
hecirallike Si-0 complexes is consistent with a disordered 
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structure of silica.  Finally the calculation predicts a 
Shift in the fundamental edge of silica relative to crys- 
talline quartz because oi energy level shifts as the Si-O- 
Si angle changes. 

The attempts of the theoreticians to explain the u.v. 
spectra of SiC^ have been hampered by experimental uncer- 
tainties and lack oi reliable experimental data.  A contro- 
versy even exists over the interpretation of the x-ray 
analysis of the glass structure.  Recent results by Konnert 
and Karle^12^ show strong evidence for crystallites in fused 
silica, contrary to the findings of Mozzi and Warren^13). 
There are some observations which nevertheless can be made 
on the basis of the data available.  First, the band gap of 
Si02 is approximately 10 electron volts.  Photoemission 
measurements by DiStefano and Eastman(14) give a similar 
value as does x ray emission data/15» 16)  Secondly the 
fundamental absorption in bulk fused silica is not grossly 
affected by the presence of the disorder, suggesting that 
absorption is determined by processes within or between 
neighboring Si04 tetrahedra.  Finally, in the presence of 
extreme disorder such as found in sputtered films, all 
recognizable structure vanishes. 

B. Effects of Impurities on the Ultraviolet Absorption of 
SJO^   

1.  Network Modifiers 

As illustrated in Figure 2, alkali silicate glasses of 
high Pi'VJ^ do not transmit below 200 nm. Sigel and 
Clnther    have shown that the fundamental absorption edge 
of an alkali silicate glass is well defined and not influ- 
enced by the reducing-oxidizing conditions during melting 
if it is sufficiently pure.  During the present investiga- 
tion thin films of high purity glasses (3Si02-INA20, 
:iSi02-lK20) were prepared by rf sputtering.  Strong absorp- 
tion was measured between 175 nm and 150 nm in the films 
and was attributed to the presence of alkali.  This was con- 
I irmed by the author in a series of measurements on alkali 
doped ■lllca"'.  Optical absorption in the 150-200 nm reg- 
ion was found to be proportional to alkali concentration 
and independent of alkali type except for the degree of long 
wavelength tailing which increased in the order of Li, Na, 
K.  The effect of the simultaneous doping of aluminum'with 
the alkali on the ultraviolet absorption was suggestive 
that non-bridging oxygens (NBO) were the source of the ab- 
sorption.  Kats' and Stevelsd») and Lell'19' had previous- 
ly seen evidente of alkali-aluminum pairing in glasses. 
Aluminum can substitute for silicon, requiring a nearby 
alkali for charge compensation, as shown schematically in 
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Fit;. 4.  If this scheme is correct, the resulting decrease 
in the concentration of NBO should produce a decrease in 
u.v. absorption in aluminum-alkali doped samples.  This is 
confirmed by the data in Figure 4.  Substitutional aluminum 
alone in SiOg did not produce any observable u.v. absorp- 
tion in the silica in amounts up to ,5%. 

The effect of alkali on the ultraviolet absorption of 
silicate glasses was further measured in a series of re- 
flectance measurements on silicate glasses of high alkali 
content.  Significant changes relative to the SiOg reflect- 
ance were evident in all of the glasses.  The spectra of 
the glar ses were characterized by three reflection peaks at 
145 nm  3.5 eV), 130 nm (9.3 eV), i nd 108 nm (11.5 eV). In 
simple binary silicates a band centered near 8.5 eV was ob- 
served which has been associated with non-bridging oxygen 
absorption (Figure 5).  This band is responsible for the 
poorer transmission of alkali silicate glasses compared to 
SlOp and is apparently the same absorption seen in the alka- 
li doped silica samples.  Since no reflectance measurements 
were possible on the alkali-doped fused silica samples due 
to size limitations, commercial fused silica with poor ul- 
traviolet transmission (Infrasil) was used for reflectance 
measurements.  This material showed evidence of the 8.5 eV 
absorption band.  Plazoder^20^ has shown reflectance data 
for what was apparently impure a-quartz which also shows 
absorption at 8.5 eV (peak labeled A in his Figure 1), al- 
though it was not associated with an alkali induced defect. 

Table 1 summarizes the reflectance data for the SiOg 
and silicate glasses whic1^ have been measured in the pres- 
ent work.  All of the silicate glasses exhibited the 8.5 
eV absorption.  The type of network modifier, including 
both alkali and alkaline earth metals, did not appear to 
influence the position of this band as much as it did the 
halfwidth.  This is evident in Figure 5 in which the tail 
of sodium silicate glass extends to higher wavelengths than 
the lithium glass. 

The 11.5 eV (108 nm) reflectance peak ■ .\ich is found in 
SiOy was observed in all of the silicate g  sses.  This ob- 
servation suggests two possibilities:  (1)  here is still a 
sufficient number of 8104 tetrahedra remaining in the 
glasses to produce the absorption characteristic of the 
bridging network, or (2) the 11.5 eV band arises from tran- 
sitions involving atomic levels unperturbed by the addition 
of alkali.  More theoretical and experimental work is re- 
quired to settle tliis question. 

It would be desirable to have a calculation on the mag- 
nitude of the alkali-oxygen interaction in the silicate 
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system and the degree to which the charge density ol the 
Si-0 bond is changed when the oxygen becomes non-bridging 
and a neighboring alkali is introduced.  11 the Si-0 bond 
were sufficiently weakened ty such an interaction one could 
predict the existence of a lower energy absorption such as 
observed here.  One should probably also consider excitaticn 
of the alkali-oxygen bond as another possible contribution 
to the optical absorption.  Experimentally the measurements 
should l)e carried out to higher energies in the silicate 
glasses to allow comparison with the data of SiOn.  Also a 
greater range of glass compositions is needed to determine 
whether the 10.2 eV band undergoes a shift to lower energies 
as the alkali content increases. 

The data however has established that the introduction 
Of network modifiers into SiOg produces an absorption band 
near 8.5 eV which is responsible for the shift of the u.v. 
edge of silicate glasses to longer wavelengths. 

In summary, measurements on thin films, doped fused 
silica and bulk glasses, confirm that the introduction of 
alkali oxide into Si02 introduces an optical absorption band 
near 8.5 eV which shifts the fundamental edge of SiOo to 
longer wavelengths.  The ability of the aluminum to suppress 
tlii!- absorption band and the relative insensit ivity to alka- 
li lype suggest that the breakup of the Si-O-Si network with 
t !ie generation of non-bridgi ig oxygens is responsible for 
the absorption.  The absorption bands at higher energies are 
-till open to interpretation.  The 11.5 eV band has been ob- 
H-rved in each of the silicates measured regardless of com- 
position.  It may therefore be associated with a band to 
hand transition characteristic of the SiOg tetrahedron. 

2)  Transition Metals - Iron 

The 3d electrons of the transition metals and the 4f 
electrons of the rare earths can produce charge transfer 
spectra in the far u.v. which is sufficiently intense that a 
fee ppm can easily be detected in a 2 cm thickness of glass. 
The most serious problem in high purity glasses is Fe, 
Which absorbs strongly near 230 nm.  Swarts and Cook^^, 
Steele and Douglas(22) anci sigel and Gintherd7^ have stud- 
ied this band in various silicates.  Figure 6 shows the 
effect of Fe  on the u.v. transmission of 3 SiOo- LNao^ 
glass.  In conventional thicknesses (l-10mm), the effect of 
the iron absorption is to produce an edge shift.  The iron 
can he eliminated by t lie use of extremely pure starting 
■Materials, special furnaces, and maintenance of clean room 
standards during preparation. 
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The evaluation of the ultraviolet absorption due to 
iron in silicate glasses is complicated by the overlap of 
the ferric and ferrous bands as well as the strong absorp- 
tion of the glass host at wavelengths below 200 nm.  The 
ESR resonance of Fe^+ at g ■ 4.28 in silicate glasses^'*'25^ 
was used to monitor Fe^^ concentration.  Figure 7 shows the 
ESR sensitivity to iron present 1 to 1000 ppm concentra- 
tions.  The undoped glass shows evidence of iron contamina- 
tion of about 6 ppm. 

Iron concentrations were linally reduced to levels be- 
low 0.5 ppm in 1 Na20 - 3 Si02 glass. A mass spectrograph 
which operated with a background ol .2 ppm of iron was un- 
able to defect any traces of iron. For these pure glasses 
the ultraviolet absorption of air melted and reduced-melted 
glasses was the same. 

Other types of high purity silicates including 
1 K2O-3 Si02, 1 Na20-1 CaO- 3 Sj 
3 Si02 were found to exhibit si 
shows the U.V. edge for these low iron glasses 

SiOg and 1 Na2 0-1 A1203 - 
limitar behavior.  Figure 8 

3)  Other Impurities 

Traces of other impurities were detected in the glasses 
by the mass spectrography, ESR, and wet chemistry analyses. 
Among the major impurities (above 1 ppm) were included 
water vapor, aluminum, copper, platinum, titanium, calcium, 
magnesium and cerium.  The ultraviolet absorption of each 
ol these impurities were investigated as well as that 
arising from gallium, indium, and thallium.  However none 
of these were fov.nd to absorb nearly so strongly as ferric 
and ferrous iron 

Water vapor was detected by the presence of the 0-H 
stretching band near 2,7 microns(26) as weii as by the muss 
spectrograph.  No evidence of any u.V. absorption due to 
water vapor could be detected in the samples. 

Aluminum absorption was studied in alkali alumino- 
silicate glasses such as the 3Si02-lAl2'-'3-lNa20 glass in 
ii^ure 6 as well as fused silica doped with only aluminum 
in concentrations ranging from .05 to .5 mole %,     There was 
no evidence of any u.V. absorption due to aluminum and 
normally the u.v, transmission improved. 

Copper was detected by its characteristic ESR signal 
in silicate glasses.  Ginther and Kirk<27) have discussed 
1 lie absorption and luminescence observed in copper doped 
silicate glasses. 

(25) 
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Titanium was doped into sodium silicate glass at con- 
centrations Of 25 and 50 ppm.  It absorbs moderately at 
wavelengths below 250 nm with the peak of the absorption 
lying near 200 nm and being obscured by the edge of the 
glass. 

Calcium and magnesium were introduced into the alkali 
silicate glasses in large quantities.  They do not absorb 
at energies below that of the alkali absorption.  Thus the 
edge ol the alkali silicate glass is essentially identical 
with a alkali-alkaline earth silicate with equivalent alka- 
li content, 

Cerium oxide was used to polish the glasses and traces 
remaining on the surface account for its detection by 
chemical analysis. 

The results of this study can be summarized as follows: 
the ultraviolet absorption of silicate glasses can be 
divided into three general areas 1) 350 nm to 200 nm - 
impurity absorption,  2) 200 nm to 150 nm - network modi- 
lier - induced absorption resulting from the breakup ol the 
Si-0 network, and 3) below 150 nm - fundamental electronic 
absorption characteristic of the Si-0 network of the glass. 

C.  Ultraviolet Absorption Produced by Irradiation of 
Silicate Glasses 

Delect center formation in glassy Si02 seems best ex- 
plained by the simple ionization of the Si-0 bond, with en- 
suing relaxation of the inter-nuclear separations of atoms 
Ln regions of local strains.(26-30) irradiated high purity 
SiO^ exhibits absorption bands at 5.3 and 5.8 eV which 
will be relerred to here as the £55 and Ei' bands using 
Weeks'**!) notation.  These centers have been associated 
with electrons trapped in dangling silicon orbitals pro- 
jecting into oxygen vacancies or voids in the glass net- 
work and which may be locally charge compensated by the 
presence of protons.  They produce a sharp ESR resonance 
at jj ■ 20)06 which has been observed in both crystalline 
quartz and fused silica.  Hochstrasser and Antonini^2) 
have observed the same center on freshly exposed SiOo sur- 
laces under ultra-high vacuum conditions.  Hlclmott(33) has 
investigated the E' centers in sputtered SiOo films.  The 
author'34) has reported optical and ESR confirmation of E' 
centers Ln ion-implanted SiC^.  The profile of damage in 
the ion implanted SIOQ, measured by monitoring the E' ESR 
resonance after repeated etching in IIF solution, confirms 
that ionization is sufficient for defect center formation. 
Irradiated Si02 also possesses a major absorption band 
near 7.6 eV which lias been tentatively assigned to trapped 
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holes on interstitial oxygens by Mitchell and Paige.(35) 
This band does not appear to have any paramagnetic analogue. 
Nelson and V/eeks(29,36) observed additional structure be- 
tween 6 and 8 eV in irradiated Si02- 

The situation is more complicated in the silicate glass- 
es.  These exhibit at least three classes of radiation in- 
duced detect centers:  (1) those characteristic oi 1 laws in 
the basic Si-0 network, which were mentioned above (2) 
those resulting from the presence of substitutional impuri- 
ties, such as aluminum and germanium and (3) those arising 
from the addition of network modifiers which can rupture 
Si-0 bonds, creating non-bridging oxygens in the process. 
Lell, Kreidl and Hensler(37) have reviewed the radiation 
ellects in quartz, silica and silicate glasses and Bishay" 
recently has treated radiation damage in more complex glass- 
es.  Alkali silicate glasses normally possess major radia- 
tion induced bands near 450 nm and 650 nm which have been 
attributed by Stroud(39) and others(40'41^ to trapped holes, 
as well as bands near 310 and 235 nm which have been asso- 
ciated with trapped electrons.  The ESR spectra of alkali 
silicate glasses consist oi several resonances near g = 2 
whicli have been studied by several investigators, the most 
recent work being that of Mackey et al^4^' and Scheurs.^43) 

Permanent damage studies in pure Si02 were not pursued 
because of the extensive literature on the subject.  How- 
ever luminescence and transient damage measurements were 
carried out using pulsed electrons and are reported in the 
latter part of this paper. 

1)  Damage in Alkali Doped Si09 

(44) A systematic study    has been made on the effects of 
alkali content on the radiation damage of Si02.  This is of 
particular interest because of the problems of charge build 
up in the SiOg layer of MOS devices, which may be partially 
related to the radiation enhanced diffusion of alkali ions. 

The radiation induced optical absorption in 
silica has been measured by Lelld^^ out to ener 
cV. In the present work measurements have been 
8 eV when the transparency of the samples permit 
shown in Figure 9. In addition ESR measurements 
on t lie same samples, ^he principal radiation oa 
7.6 eV band and the E^ and Er» bands which over la 
duce a compound band between 5 and 6 e\. The E9 
235 nm (5.3 eV) was found to be proportional to" 
cent rat ions at doping levels ranging from 0.01 t 
percent. This center was interpreted to be an e 
trapped in a tetrahedral silicon orbital in the 

alkali doped 
gies of 6 
extended to 
ted. as 
were made 
nds arc t he 
p to pro- 
band at 

alkali con- 
o 0.5 mole 
lectron 
vicinity of 
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a proton.  The strong dependence on alkali concentration 
which has been observed here suggests that the center is a 
more complex one involving non-bridging oxygens, alkali and 
protons, and may be a characteristic defect of an alkali 
silicate glass rather than Si02.  Weeks*

31) did note an 
apparent correlation with alkali impurity content of his 
samples. 

The ESR data for an irradiated potassium doped sample 
is shown in Figure 10.  At low power levels (dotted line in 
Figure 10) the E' resonance near g = 2.0006 was observed as 
well as a new resonance with lower than axial symmetry cen- 
tered between g - 2.020 and g - 2.000 which was not observ- 
ed in pure SiOo.  This latter resonance has been observed 
by Schreurs(437 in aikaii silicate glasses and was attri- 
buted to a hole located on a Si-0 tetrahedron with two non- 
bridging oxygens.  In the present study, it was found that 
Che amplitude ol this resonance was directly proportional 
to alkali content in the lightly doped samples.  This de- 
pendence of the resonance on alkali concentration and the 
observed variation of b.-oadening with the type of alkali 
support the hypothesis that the holes are trapped on non- 
bridging oxygens in the vicinity of an alkali ion. 

The 7 6 eV band was present in the alkali doped samples 
but showed no correlation with alkali content and was rela- 
tively constant (± 15%) for a given dose in all of the 
samples regardless of alkali content.  This is not surpris- 
ing since it is a principal radiation band in high purity 
810« apparently arises from a defect characteristic of the 
Si-O network.  It was noted earlier in the paper that non- 
Dndging oxygens may be responsible for the ultraviolet ab- 
sorption in the 6 to 8 eV region.  Just as the introduction 
ol alkali can break bonds and produce singly bonded oxygen« 
the impinging radiation may ionize strained Si-0 bonds 
thereby producing absorption in the same region of the'snec- 
trum. »K^. 

T 
close 
which 
alkal 
t he 7 
been 
absor 
low o 
well 
pies 

lie ESR hole resonance was observed to bleach very 
ly with the E2 ultraviolet band between 0 and 30boC 
suggests that they may be complementary centers in 

1 silicate glasses, in the same manner that the E-! and 
.8 eV liole band are complementary in pure Si0o. It   has 
suggested^^ that in silicate glasses a 475 Rn optical 
ption band is correlated with the hole resonance  The 
scillator strength of the visible absorption bands as 
as the presence of aluminum impurity in the doped sam- 
made it impossible to test this assignment 

The other resonance observed in the samples was the E 
resonance.  This relatively long relaxation time for chia 
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center makes it easy to sat 
solid and dotted curves in 
lall-off of the E' resonanc 
The solid curve is typical 
um silicate glasses.  Previ 
ence of a resonance at lowe 
hole resonance which appare 
trons.  As a result of the 
nitely established that thi 
and that E' centers are pre 

urate.  The comparison of the 
Figure 10 indicate the rapid 
e intensity with microwave power 
of spectra measured for potassi- 
ous papers have noted the pres- 
r g values than the g ■ 2.01 
ntly arose from trapped elec- 
present study, it has been defi- 
s resonance is due to E' centers 
sent in alkali silicate glasses. 

It is known that the simultaneous presence of aluminum 
and alkali in a silicate glass will produce strong visible 
coloration after irradiation.  Lell^4^ found that the 
doping of only aluminum into pure S1O2 did not affect the 
radiation induced optical absorption bands.  EPR measure- 
ments made in this laboratory on irradiated aluminum doped 
Si02 show only the E' center resonance that is seen the 
high purity material.  However, the simultaneous presence 
of aluminum and alkali results in dramatic changes of the 
radiation induced spectra of SiOo.  The radiation induced 
optical absorption 
in the visible and 
these samples than 
suggested that the 
smoky quartz arose 
inum hole center. 

is shown in Figure 11.  The absorption 
near ultraviolet is much more intense in 
those containing only alkali.  Obrien^ 5) 
460 nm and 620 nm absorption bands in 
from two transitions of the same alum- 
The presence of these bands in irradiat- 

ed high purity silicate glasses suggests that the substi- 
lutional perturbation of aluminum for silicon may simply 
result in an increase in the oscillator strength of the 
visible bands, and that the basic hole center involves a 
hole trapped at a non-bridging oxygen which can be bonded 
to either a silicon or an aluminum.  When the aluminum is 
present, therr is strong hyperfine interaction of the hole 
with the spin 5/2 of the aluminum nucleus, producing a six 
line splitting which has been described by Griffith, Owen, 
and Ward^46'.  Obrien and Pryce^47^ proposed a trapped hole 
at an aluminum atom which substitutes for a silicon atom in 
the Si02 structure, with the hole located mainly on one of 
the four oxygens, and spending only three percent of its 
time on the aluminum.  The EPR data of Mackey^48^ on Al-hole 
centers in crystal quartz indicated a six line signal of 
equal intensity and spacing whose g values shifted slightly 
depending on whether hydrogen, lithium or sodium was avail- 
able as a charge compensator.  Tho present work on the 
glassy Si02 is in agreement with these results on crystal- 
line quartz and in addition includes data on the Al(k) 
resonance which is shifted still further to lower g values 
than the Al(NA) and Al(Li) resonances.  This data is shown 
in Figure 12. 
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Although the visible absorption bands and EPR resonance 
in the samples were obviously related to the presence ol 
aluminum, there was no definite correlation with concen- 
tration.  This might be expected since the formation ol 
these centers requires that the aluminum enter first substi- 
tutionally, and secondly paired with an alkali.  Experience 
with the alkali-aluminum doped samples indicated that the 
previous thermal history of the samples significantly at- 
lected their radiation character.  Thus sample A with twice 
as much aluminum and alkali as sample B might show the same 
response to a given radiation dose. 

2)  Radiation Damage in High Purity Silicate Glasses 

The radiation induced optical absorption of two binary 
silicates air melted in platinum crucibles is shown in 
Figure 13.  The ultraviolet absorption edge of these glasses 
at G cV prevented measurements at higher energies.  Similar 
spectra were obtained for more complex glasses such as soda 
lime and alkali-aluminosilicate glasses.  All of the high 
purity silicates exhibited a strong radiation band near 5.4 
oV (230 nm).  The presence of the charge transfer bands ol 
transition metal and rare earth impurities often causes 
problems in this regicn of the spectrum since the impinging 
radiation can change the valences of the ions.  For example 
the irradiation ol typical air melted silicate glasses 
usually results in a decrease in absorption below 250 nm 
because Fe3+ which strongly absorbs at 230 nm is converted 
to Fe2+ which has a much weaker absorption.  By monitoring 
the EPR signal ol ferric iron in silicate glass at g - 4.28, 
it was observed that the conversion of ferric to ferrous 
iron during x-irradiation proceeds much more rapidly than 
the initial build-up of the 5.4 eV defect center band. 
Therefore the use of high purity essentially iron free 
glasses was required for these experiments.  A comparison 
ol the energy, lineshape, growth character and the thermal 
annealing properties of the 5.4 eV radiation band in "he 
silicate glasses indicate that it is the same as the ultra- 
violet band observed in the alkali doped SiOg ; namely, the 
E4 center absorption. 

The EPR data of the irradiated silicate glasses also in- 
dicate the presence of E' centers.  The E' resonance is 
normally resolved only in potassium silicate glasses because 
the broad hole resonance near g - 2.01 often swamps it out. 
The E' resonance also saturates well before the hole reso- 
nance.  The EPR data is similar to that for the alkali doped 
.silica shown in Figure 10.  The resonance data of 
Schreurs^43) on irradiated alkali silicate glasses shows 
evidence of these E' centers.  It is not surprising that 
such a defect center should be present in both Si02 and 
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The  two visible  hole  bands at  2 GV anH  9  7    u 
present   in the  high purity  glasses      Th! ?       n       S™ also 

minum  impurity  in these  glasses Ti i™  level of  alu- 
that   these  trLsitions m?y ^se  fromThoi   ^"^««"t- 
band of  the  non-bridging oxygen  ion wh^h    *   ^  the Valance 

a silicon or aluminuS bonded to  1?      ThTaT
y  h^e either 

capable of enhancing the pJobibllitv ^e alumi"unl seer"S K« ™pL%:s; !^r;sJ ^S; rr-is. 
assumes of course a correlation between fch« » - 9 i? !«. 
resonance and the optical absorption bands g '  2-0lhPR 

tlon induced de?ec? centorl^Tl^iiT^K'0^0"  "**• 

ly doped SiO, was fnmw! ""wolk-  Thc irradiation el Ught- 

center near r« 2 01 have h  eV\,and th0 P^amat-net ie hole 

^.WAlt  S ?L     hF-M -^^n^shoTn- 

2)  Transient Radiation Effects 
Glasses in Si02 and Silicate 

A Si0o 

and 

et aHOU have produced transient 
os using intense ultraviolet 

grade 
damage 

irradiation.  Griscom 

silica.  Landry 
in silicate glass- 

and 

55 



Sigel(52) have reported the observation of transient E' 
centers in high purity crystalline quartz and fused silica 
The latter work will be briefly summarized here. 

In pure SiC^ the only transient coloration observed was 
centered near 2i:50AO.  The absence of any effects at wave- 
lengths above 3000A0 such as those reported elsewheret50^ 
suggests that the transient damage in the visible results 
Irom the presence of impurities.  Figure 14 shows a com- 
parison of the permanent damage (solid line) in pure SiOo 
with the transient coloration (points).  The permanent band 
has previously been assigned to electrons trapped on dang- 
ling silicon orbitals and is referred to as the E^ or C 
band.  The low temperature irradiation of 7940 fused silica 
W1l?«^leCtr0ns Produccs an additional u.v. band near 265 
nm^o;.  This band is not observed in the pulsed irradi- 
ations.  The transient damage in 7940 resembles the perma- 
nent damage in 7943 (water free material).  The longer wave- 
length band may depend on the migration of H+ or OH  ions 
to existing E' centers.  The ratio of the E* band to the 
265 nm band was found to be constant in a given sample 
The two bands were observed to bleach uniformly.  Excita- 
t ion into the 265 nm band also produces photoluminescence 
•entered near 670 nm.  Excitation into the E' band did not 
produce any observable emission. 

The ultraviolet coloration following the electron pulse 
is also accompanied by an intense luminescence centered 
near 450 nm.  The decay rate of the emission is similar to 
but not identical with that of the absorption as shown in 
luure 15.  The spectra of the emission is shown in Figure 

16.  It shilts to higher energies as the temperature in- 
creases. 

Any model to be suggested to explain these data must 
take into account the following experimental observations 

1)  Permanent damage (E* 
in irradiated glassy 
it arises from 
orbital. 

band) is observed near 215 nm 
SiOg-  ESR data indicates that 

an electron trapped on a sp3 silicon 

2) 

3) 

Permanent coloration in glassy Si02 is more effi- 
cient at low temperatures and is dependent on the 
purity ol the sample.  Crystal quartz shows little 
il any permanent E' coloration if reasonably pure. 

An intense blue luminescence(53) results as these 
permanent E' centers are bleached thermally   The 
luminescence intensity can be related to the anni- 
hilation rate of the E' centers. 
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4) Intn%HS li° ZVi*enCC  0f   lumi^scence when exciting into the E1 band with u.V. light. 

5) The production and annihilation ol E' centers dur- 
dUion^S601 ?i02 Under ult^ high vacuum co^- 
emlssJon 0 accomPanied ^ a strong blue 

6) Pulsed electron irradiation of SiOp produces tran- 
sient absorption .outers near 215 ^'accompanied 

acteristU!csmiSS101' With Similar time deCay char- 

7) ?!Cayo^teS aPPear exponential for times greater 
than 200 .sec.  The luminescence usuaUv is !o to 

peratureer   " ^ •lbSOrPtion Spending on tem- 

8) The decay rates of the transient effects In the 
lused silica are faster than in a quartz, and are 
quite temperature sensitive (see Table 2). 

9) The production of the transient absorption centers 
occurs with approximately the same ef?iciencv in 
the glassy and crystalline materials. 

10) The luminescence is not proportional to the rate 
of decay of the absorption as shown in Figure ll 
but almost proportional to the absorption itself.' 

The similarity of both the transient absorption and 
emission data with that observed in the cai» o? JST 

CfjL^K  0J  Si02  ■«"•«   tS?  transLnrMenSrnrr 
js nr^i^t-n-^rbj-rr^-^Lir^hrpJi i 

vattonr5 COnS1Stent with all o^ the experimental ob^rt5' 

The luminescence is more difficult to ovni^r,  -m 

esuurfrol0;1^0  ^  ^   iS  "^ ^^^si^lr 
ot   host   sensili^nSenCe  0f   l»Pwit^«.     The   possibility ui   nost   sensitized   luminescence  and  charge   tran^fo,.   F™ 
l-purlt,  centers can  not   be  00.pU?e5y JSeS""'"«^« 
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there is strong evidence suggesting that the luminescence 
is intrinsic and linked to the E' absorption band. 

1)  The emission was observed to be rather constant in 
intensity in a variety of silica samples 2) the lifetime 
of the emission is similar to the E' band lifetime over a 
wide ran^e 3) thermoluminescence and fracture experiments 
link the presence of the emission with E' centers.  This 
data is consistent with a mechanism whereby the emission 
results 1rom the radiative recombination of holes which 
have been thermally activated out a continuous distribution 
ol shallow traps with electrons at E' sites.  The data also 
indicate that a substantial number of E' centers are 
annihilated non-radiatively.  This model will be discussed 
in detail in a forthcoming paper.^54) It is summarized in 
Figure 18.  Two types of hole traps are postulated, one of 
which results in radiative recombination.  1 lie kinetic 
equations obtained using this model are consistent with 
the behavior in both fused and crystalline quartz except 
at very low temperatures where another mechanism seems to 
operate.  The ground state of the E' center (level E) lies 
in the forbidden gap with an energy level similar to an 
sp^ hybridized level.  The excited state (E*) of the E* 
level probably lies below the conduction band since exci- 
tation at 215 nm produces neither bl^-iching nor photocur- 
rent.  Decay back to the ground state is non radiative. 
The absorption at any time t is proportional to the number 
of occupied E levels in the gap.  It is postulated that re- 
combination of holes at E' sites produces the emission. 
However since the intensity 1 is not proportional   dNE' ( 

the majority of the E' centers must be annihilated non- 
radiative ly by recombination with holes in Hn sites, pro- 
bably adjacent to E' centers, at any time t following the 
oulse.  The radiative process results when holes (Hfj) are 
thermally activated out of traps into the conduction band 
and migrate to an E' site.  If the E' population is chang- 
ing rapidly relative to the H^ concentration because of 
non-radiative effects, the emission will be roughly propor- 
tional to the absorption, especially at low temperatures. 
This 2 hole center model predicts a deviation of absorption 
and emission decay times with increasing lifetime which is 
also observed. 

In summary, transient defect centers have been observed 
Ln pulse irradiated SiC^.  These appear identical to the 
K' centers produced by prolonged irradiation.  The emission 
accompanying the decay of the absorption has been attributed 
to the recombination of migrating holes to E' sites.  The 
experiment has 
in crystalline 

shown that E' defects are easily formed even 
Si02. lt   illustrates the dynamic equilibrium 
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which is maintained during irradiation and has provided a 
loss mechanism lor energetic radiation in Si02.  The ex- 
periment also has important consequences when considering 
radiation hardening of electronic devices involving SiOo 
films.  Because of the long lifetime of the transient dam- 
age in Si02, high electric fields may tend to sweep car- 
riers away before recombination takes place.  This would 
produce a much larger concentration of defect centers per 
unit dose than would be indicated by permanent damage 
studies.  Finally the data is consistent with the mech- 
anisms previously suggested for glassy SiOo, namely that 
damage proceeds by the ionization of Si-0 bonds, some of 
which do not reheal because of the presence of strained 
bonds or impurities. 

Transient Damage in Silicate Glasses 

Pulsed irradiati 
Si02 and high purity 
coloration was obser 
to the situation in 
permanent coloration 
measure point by poi 
consistent with the 
alkali produces non- 
permanent hole traps 
on the transient col 
quartz. 

ons have also been made on alkali doped 
alkali silicate glasses.  Short lived 

ved in all cases.  However, contrary 
Si02, silicate glasses show substantial 
per pulse which makes it impossible to 

nt across a band.  This behavior is 
hypothesis that the introduction ol 
bridging oxygens which can serve as 

Further investigations are planned 
oration of lightly doped silica and 

D)  Luminescence 

Numerous luminescent centers have been reported in 
silicate glasses  Much of the data lias been summarized in 
reviews by Weyl(55^ and Rindone(56).  Virtually all of the 
centers reported can be traced to the presence of impuri- 
ties, primarily rare earths and transition metals.  The 
problem to be discussed here is whether pure Si02 or high 
purity silicate glasses exhibit any luminescence which can 
be associated with intrinsic defects in the Si-0 network. 

It is well known t 
strongly in the blue w 
the high purity synthe 
and Suprasil show esse 
ty content of the well 
copper, manganese and 
than 50 parts per bill 
materials also show no 
5.13 eV (242 nm) which 
impurity (50,60) an[j w 
ev emission band(61) 

hat most fused silica fluoresces 
hen exposed to u.v. light.  However, 
tic materials such as Corning 7940 
ntially no fluorescence.  The impuri- 
known luminescent activators such as 

silver has been measured to be less 
ion^57»^8) in these materials.  These 
evidence of an absorption band near 
has been associated with germanium 

hich has been correlated with a 3.04 
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In the present investigation, ultraviolet excitation at 
room temperature using both xenon and high pressure mercury 
sources failed to produce any recordable emission in the 
high purity Si02.  At liquid nitrogen temperature, however, 
all samples exhibited a strong emission (Figure 19) band at 
2.9 eV with an excitation peak near 4.2 eV  The band was 
present in both crystalline quartz and fused silica.  The 
introduction of alkali, aluminum and germanium impurities 
did not influence the intensity or shape of the emission 
curve.  Further work is needed to determine the mechanism 
responsible for the emission and to attempt a correlation 
with the luminescence observed in the pulsed electron ex- 
periments.  Other emission bands were observed in some 
sanples but not others, indicating impurity sensitization, 
lor example, a weak 2.2 eV band in the 7940. 

One other interesting emission has been observed.  The 
low temperature irradiation of Si02 with 2 MoV electrons 
produces ultraviolet absorption bands(28) at 215 nm and 257 
nm.  The shorter wavelength band is I he E' center.  The 
other band has been linked to the presence of water in 
silica since Corning 7943 and Suprasil W do not exhibit this 
radiation band.  In the present investigation, it was con- 
sistently observed that the ratio of the intensities of the 
two bands remained constant in a given sample, and that the 
two centers bleaclit : uniformly.  Ultraviolet excitation in- 
to this (4.9 eV) band produced an emission (Figure 20) at 
1,0 eV (670nm) which is not observed in the unirradiated 
silica.  Thermal bleaching of the band also produces the 
rod emission,  A shut of 1 eV of both the absorption (4.9 
vs 5,9 eV) and emission (1.9 vs 2.9 eV) relative to the E' 
center indicates that a new level may be present in the for- 
bidden gap because of the presence of either K4" or OH .  The 
evidence suggests that protons migrate to E' centers pro- 
ducing a lower energy band near 4.9 eV.  This results in a 
sharp decrease in the intensity of the E' band.  The rela- 
tive ratio of the two bands will depend both on the water 
content of the sample and the temperature during irradiation. 

Although most of the emission bands in Si02 result from 
impurities, the two bands discussed here seem to be the best 
candidates for association with intrinsic processes.  Fur- 
ther work is in progress to further clarify the present 
si t uat i on . 
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IV Summary 

A review has been presented of some snectroscopic in- 
vestigaticns of silicate glasses in the ultraviolet.  The 
incrinsic ultraviolet absorption of both Siü2, doped SiO„ 
and silicate glasses has been measared.  The introduction 
of alkali into SiOg has been found to produce an optical 
absorption band near 8.5 eV which shifts tho tundamental 
edge to longer wavelengths.  The universal presence of the 
11.5 eV band in both SiOg and silicate glasses suggests 
that it results from a transition characteristic of the 
SiO^ tetrahedron.  The presence of alkali in the Si-0 net- 
work has been related to the formation of several common 
radiation-induced defect centers in alkali silicate glasses. 
In doped silica samples, the intensity of the EA band at 
5.4 eV and the paramagnetic hole center near g - 2.01 have 
both been shown to be proportional to alkali content.  The 
5.4 eV band has also been observed in irradiated high 
purity silicate glasses.  Transient E' centers have been 
observed in both high purity crystalline quartz and fused 
silica, and have been correlated with a blue emission.  A 
two hole center model has been suggested to account for the 
kinetics of transient processes.  Finally, two emission 
bands have been discussed which may result from processes 
or defects intrinsic to the Si0o network. 
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TABLE  I 

Energies of Reflection Peaks in Silicate Glasses 

Glass Type Location of Reflection Peaks (eV) 

Si02 (crystal) - - 10.2 11.5 

Si02 (glassy) - - 10.2 11.5 

1 Li20-2 Si02 8.5 9.3 - 11.5 

1 Na20-2 Si02 8.5 9.3 - 11.5 

1 Na20-3 Si02 8.5 9.3 - 11.5 

1 Na 0-6 Si0o 
2      2 

- 9,0* - 11.5 

1 Na20 - 1 CaO-5 Siü2 r».5 9.3 - 11.5 

1 Na20-1 Al20-3 Si02 8.5 — 10.2 11.5 

♦This broad peak appears to result from contributions 

irom 8.5 and 9.3 eV peaks. 
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TABLE     2 

Temperature  Dependence  of  Decay 

Times  in Crystalline Quartz 

Temperature Luminescence Absorption 

(0K) r l/2Usec) Tl/2Usec) 

4.2 825 ±   10 1035 ±   10 

77 700 ±   25 840 ±   20 

300 3     -     150   

64 



REFERENCES 

1. E. Lell, J. Am. Ceram. Soc. 43, (1960) 422. 

2. G.H. Slgel, Jr., J. Phys. Chem. Solids 33. (1971) 
2373. — 

3. P.H. Berning, G. Hass, and R.P. Madden, J. Opt. Soc 
Am. 50, (1960) 586. P .  «c 

4. R.T. Williams, R.G. Fuller, M.N. Kabler, and V H 
Ritz, Rev. Sei. Inst. 40, (1969) 1361. 

5. H.R. Phillip, Solid State Commun. 4, (1966) 73. 

6. H.R. Phillip, j. Phys. Chem. Solids 32^, (1971) 1935, 

7. A.R. Ruffa, Phys. Stat. Sol. 29, (1968) 605. 

8. M.H. Reilly, J. Phys. Chem. Solids 31, (1970) 1041. 

9. A J. Bennett and L.M. Roth, J. Phys. Chem. Solids 
32, (1971) 1251, Phys. Rev. B4, (1971) 2686. 

10. I.V. Abarenkov, A.V. Amosov, V.F. Bratsev, and D.M 
Yudin, Phys. Stat. Sol. 2, (1970) 865. 

11. E. Loh, Solid State Commun. 2, (1964) 269. 

.T.H. Konnert and J. Karle, Nature Phys. Sei  236 
(1972) 92.  ' 

R.L. Mozzi and B.E. Warren, J. Appl. Crvst  2 
(1969) 164. y 

T.H. Distefano and D.E. Eastman, Phys. Rev. Letters 
27, (1971) 1560. 

12 

13 

14 

15.  D.J. Nagel, in Advances in X-ray Analysis, 13 Plen 
Press, New York (1970) 182.   

16 G. Wiech, in Soft X-ray Band Spectra. Academic Press 
New York (1968) 59.  

17.  G.H. Sigel, Jr., and R.J. Ginther, J. Glass Tech. 9, 
(1968) 66. 

65 

^^^^^aammmm^mtM 



18. A. Kats and J.M. Stevols, Phillips Res. Rep. IJ^, 
(1956) 115. 

19. E. Lell, Phys. Chem. Glass 3, (1962) 84. 

20. K. Platzoder, Phys. Stat. Sol. 29, (1968) K63. 

21. E.I. Swarts and L.M. Cook, Proc. 7th Inter. Cong. 
Glass (1965) 23. 

22. F.N. Steele and R.W. Douglas, Phys. Chem. Glasses 6, 
(1965) 246. 

23. «f.D. Johnston, J. Am. Cer. Soc. 47, (1964) 198. 

24. T. Castner, G.S. Newell, W.C. Holton and C.P. 
Slichter, J. Phys. Chem. 32, (1960) 668. 

25. H.H. Sands, Phys. Rev. 99, (1955) 1222. 

26. I. Simon, in Modern Aspects of the Vitreous State, 
Vol. 1, Butterworths, London (1960) Chap. 6. 

27. R.J. Ginther and R.D. Kirk, J. Non Crystalline 
Solids 6. (1971) 89. 

2H.  G.W. Arnold and W.D. Compton, Phys. Rev. 116, 
(1959) 802. 

29. C.ll. Nelson and H.A. Weeks, J. Appl. Phys. 32, 
(1961) 883. 

30. C.W. Gwyn, J. Appl. Phys, 40, (1969) 4886. 

31. H.A. Weeks, J. Appl. Phys. 27, (1956) 1376, Phys. 
Rev. 130, (^963) 570. 

32. G, Hochstrasser and J.F. Antonini , Surface Science 
32, (1972) 644. 

33. T.W. Hickmott, J. Appl. Phys. 42^ (1971) 2543. 

34. G.ll. Slgel, Jr., Bull. Am. Phys. Soc. 17, (1972) 
287. 

35. R.W. Mitchell and E.G. Paige, Phil. Mag. 1, (1956) 
1 085 . 

66 



36. R.A. Weeks, J. Am. Ceram. Soc. 53, (1970) 176. 

37. E. Lell, N.J. Kreidl and J.R. Hensler, in Progress 
in Ceramic Science, Vol. 3, Pergamon Press, Neu York 
(1966) 1-93. 

38. A. Bishay, J. Non-Cryst. Solids 3, (1970) 54. 

39. J.S. Stroud, J. Chem. Phys. 37, (1962) 836. 

40. J.H. Mackey, H.L. Smith and J. Nahum, J. Phys. Chem. 
Solids 27, (1966) 1773. 

41. J.H. Mackey, H.L. Smith and A. Halperin, J. Phys. 
Chem. Solids 27, (1966) 1759. 

42. J.H. Mackey, J.W. Boss and M. Kopp, Phys. Chem. 
Glasses U, (1970) 205. 

43. J.W. Sfvreurs, J. Chem. Phys. 47, (1967) 818. 

44. G.H. Sigel, Jr.  Proc. 9th Intern. Congr. Glass 1. 
(1971) 801. 

45. M.C.M. Obrien, Proc, Roy. Soc. (London) A231. 
(1955) 404. 

46. J.H.E. Griffith, J. Oven, and I.M. Ward, Nature 173, 
(1954) 439. 

47. M.C.M. Obrien and M.H.L. Pryce, Defects in Crystalline 
Solids, London Physical Society (1954) 88. 

48. J.H. Mackey, Jr., J. Chem. Phys. 39, (1963) 74. 

49. P.N. Mace and D.H. Gill, IEEE Trans. Nucl. Science 
14, (1967) 62. 

50. J.F. Holzrichter and J.L. Emmett, J. Appl. Phys. 
40, (1969) 159. 

51. R.J. Landry, E. Snitzer and R.H. Bartram, J. Appl. 
Physics 42, (1971) 3827. 

52. D.L. Griscom and G.H. Sigel, Jr., Bull. Am. Phys. 
Soc. 13^, (1968) 1474, G.H. Sigel, Jr. and D.L. 
Griscom, Bull. Amer. Ceram. Soc. 48, (1969) 447. 

67 

■fti 



53. 

54. 

55. 

56. 

57. 

58. 

59. 

60. 

61. 

N.   Kristianpoller  and  I.   Katz,   J.  Opt.   Soc.   Am 
60,    (1970)   424. 

G.H.   Sigel,   Jr.,   D.L.   Griscom  and  M.H.   Reilly 
(to  be   published) . 

W.A.   Weyl,  Coloured Glasses.   Soc.   of Glass 
Technology,   Sheffield   (1951) . 

G.E.   Rindone,   in Luminescence  of   Inorganic   Solids 
Academic  Press   (1966)   419.  ' 

Amersil,   Inc.,   Brochure,   Optical  Fused Quartz  and 
Fused   Silica   (1970)   4. 

G.   Hetherington  and  L.W.   Bell,   Phvs.   Chem.   Glasses 
8,    (1967)   206. 

V.   Garino-Canina,   Compt.   Rend.   242,   (1956)   1982. 

A.J.   Cohen,   Phys.   Rev.   105,    (1957)   1151. 

W.H.   Turner  and  H.A.   Lee,   J.   Chem.   Phys.   44 
(1966)   1428. '       —' 

68 



er 
ÜJ 

rt   Q 
cn 

§2 a a a rt 
u  u 
i b 
rt -H 

la 
U 
a H 
o o E a 

0) 
DO 
3 

B g. 
5  fc 

O s. ■»->  o* 
IM      B 

Is 
3   to O 

rt   tß   > 
g. rt « 
rt        +-> 

8 i E O    4) 
O  1 

rt   M 
c 

r i 

C 
U 

to 

c 
0) 
S 
S u 
3 

rt i 

69 

L ■MM 



AllSN3a  "IVOIldO 

70 



UJ 

UJ 
o 
cr 
UJ 
Q. 

25   - 

20 

a i5 
u. 
UJ 
a: 

10 

5 

0 

SAWYER CRYSTALLINE 
QUARTZ 

CORNING  #7940 
FUSED SILICA 

8 10 
PHOTON  ENERGY (e V ) 

12 14 

Fig. 3 - Vacuum ultraviolet reflectance of high purity (1) crystalline quartz 
and (2) fused silica showing the two lowest energy peaks at 10.2 eV and 11.5 
eV. Additional peaks are observed at higher energies. 
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Fig. 4 - The effect of aluminum on the ultraviolet transmittance of alkali 
doped Si02. Samples codoped with aluminum and alkali showed weaker 
absorption in the 200 nm - 160 nm (6 - 8 eV) region probably because of 
the reduction of non-bridging oxygens by aluminum-alkali pairing in the 
network. 
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ity of the spectra regardless of the type of network modifier as well as 
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Fig. 6 - Ultraviolet absorption of undoped and iron-doped 3 SiOg -1 Na^O 
glass melted in an oxidizing atmosphere (samples of 0.05 mm thickness). 
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Fig. 8 - Location of ultraviolet edge for some typical high purity silicate 
glasses. The slight difference between air melted and reduced potassiu n 
silicate glass absorption is due to the presence of about 1 ppm iron. 

7G 



rt te 
u • 

^-H 

00 

~ ~ 
a a 1 J 

id jjj 
o 4-> 

\ 
c id ■A 

B > 
C o 

■.-H «rf 00 cs 
B. -~ h in r- 
c 
si ■c T—i 

£ B 
id N 

-r O 
4-> 

r- • rt 
f) IA e 

ip4 B *-- 4-» •^H EL rt X 
c 

VJ .C 

■c 
o 
o 

6 
1 

c 
rt 

~ ■ 
B • »— •-' 

■--• U i 
B a. 
Q D n 

*-> B — 
c 
c 

^ B rt 
O x: -0 

J2 ■*J M p kfl E 
1 B i 

•M j-; 
cr. rt 

B P 
C > 

o 

AllSN3a IVDIidO 

77 



+ 2 

S1O2-O5 MOLE   %   K 

g=2020 g=2 0IO q=2000 

3350 3360 3370 3380 3390 
MAGNETIC   FIELD  (GAUSS) 

3400 3410 

11?. 10 - The EPR spectrum of an x-irradiated SiC^ sample doped with 
0.5 mole % potassium. The dotted curve was taken at 5 milliwatts power 
in the cavity and the solid curve at 100 milliwatts. The E' center at | 
2.0006 tends to saturate significantly with cavity power level. The re- 
mainder of the resonance results from the trapped hole center with lo;"- 
er tnan axial symmetry and having the principal g values of gj 2.003, 
g2 = 2.009, gg     2.019. 
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1 

TRANSIENT  ABSORPTION  IN 

SI02   AT 4.2 0K, t-0 

PERMANENT DAMAGE 

o 
200 

J_ 
220 240 260 

WAVELENGTH   (nm) 
280 300 

Fig. 14 - \ comparison of the permanent damage (soHd line) observed 
in Corning 7943 silica (after Arnold and Compton) with the transient 
coloration (points) measured immediately following the electron pulse. 
The band near 215 nm is the Ej band. 
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Fig. 15 - The decay rate of the transient emission and absorption 
at 4.2° K. The luminescence would f )llow dotted curve if the anni- 
hilation of each absorbing center resulted in radiative omission. 
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FUNDAMENTAL 
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— 10 eV 

Fig. 18 - The kinetics of the transient radiation effects in SiC^ are 
best explained by a model permitting both radiative and non-radia- 
tive recombination of holes with E' centers. 
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MODELS  FOR   ELECTRONIC   PROCESSES   IN   Si02 

A.   R.   Rulfa 

Naval Research Laboratory 
Washington, D.C. 20375 

A briel review of theoretical models which have been 
proposed to describe electronic processes in pure Si02 is 
presented.  The models include the valence bond model which 
allows bond breaking and changes in local environment alter 
an electronic transition, as well as more traditional molec- 
ular orbital models.  The models are critically compared 
with experimental data for the pure and glassy materials In 
order to determine their degree of applicability 'o   the pro- 
perties :nvolved.  Data for the ultraviolet spectrum, the 
oxygen x-ray emission spectrum as well as that for the in- 
trinsic E^ defect center are included in the discussion. 
Further experiments are suggested which may determine in 
greater detail the range of applicability of the various 
'node Is. 

I. INTRODUCTION 

Oxides of silicon are of considerable technological 
interest because of their important optical and dielectric 
properties.  Vitreous Si02, in particular, is interesting 
1rom both a theoretical and a practical point of view. 
Since it possesses one of the simplest structures of any 
vitreous material, and beca ise many of its properties are 
so similar to crystalline quartz, a theoretical treatment 
ol its properties is relatively easier.  In addition, much 
practical use is made of vitreous Si02 both as a window 
material and in films in MOS semiconductor devices.  More 
complex silicate glasses possessing the basic short range 
slruc-ture of SiOg have widespread application in the optical 
^lass industry, as do thin films of similar chemical com- 
position.  A theoretical understanding of the relatively 
more simple Si02 system can hopefully contribute ideas con- 
cerning electronic processes in multicomponent glasses and 
1 hin 1ilms. 
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With this in mind, tho following brief review will con- 
centrate on a critical examination of models which have been 
proposed for certain electronic processes which are known tc 
take place in pure SiO^-  The review will be fairly narrow 
in scope, concentrating upon a comparison of the proposed 
models with available experimental data in order to deter- 
mine their range of applicability.  Thus, the aim is to weed 
out those parts of the models which are incompatible with 
the available data, and to use Lhis analysis to suggest ex- 
periments which may further sharpen the ivquirements of the 
theoretical models. 

The first subject which will be taken up in the next 
section is the question of the structure of fused SiOg as 
compared to its varied crystalline forms.  This topic is an 
important one since many of the properties of vitreous SiO^ 
are virtually identical to those of crystalline quart/.. The 
structural evidence will be reviewed as a framework within 
which the theories must be developed.  A topic closely re- 
lated to the structural evidence, namely the intrinsic E« 
(•(Miter in SiO„ will be reviewed in some detail.  Next, ine 
outlines Of the theories will be presented with an emphasis 
on the differences in the basic concepts involved.  Finally. 
the theoretical models will be critically compared with some 
available experimental results.  The comparisons demonstraie 
that some aspects of the competing models are incompatablc 
with Observation.  On tho basis of this analysis, some ex- 
neriments are suggested whose results may further differen- 
tiate between the competing theoretical models.  Encour- 
auing further experimentation along these lines is then t'.e 
primary purpose of this review since only through further 
experimental results will a fundamental understanding of 
electronic processes in pure SiOg be obtained. 

11. THE STRUCTURE OF VITREOUS Si02 

Crystalline Si02 takes on various forms, namely, quartz, 
cristobalite, tridymite, coesite and stishovite.  The first 
three we will call the low density forms.  All of the low 
density terms with one exception have a common structural 
feature, the nearly perfect Si04 tetrahedron.  The high tem- 

of tridymite (high tridymite) is somewhat of 
with O-Si-0 bond angles varying between 105.9° 
compared to ihe 109° 27' angle for the perfect 
Of the three polyaorphS, quartz has the highest 
20',   higher than that of fused silica, while 
have nearly the same density which is only 

perature form 
an exception1 

and 111.9° as 
t et rahedron. 
densi t y, some 
t lie ot her two 
about A .')'',   higher than fused silica.  The available experi- 
mental evidence indicates that (used silica shares the 
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leature of the almost perlect SiCK tetrahedron with these 
crystalline forms although there is some controversy con- 
cerning other structural details.  Until recently, the most 
detailed study of the structure of vitreous Si02 was that ol 
Mcz/i and Warren2.  On the basis of a careful analysis of 
their extensive x-ray data, they concluded that each Si 
atom is tetrahedrally surrounded by four 0 atoms with a Si- 
Si-0 distance which is virtually the same as that in quartz. 
In contrast, they concluded that the Si-O-Si bond angle u 
varies between 120° and 180°, with the most probable value 
being 144°, only slightly larger than the value 143.5  in 
quartz and slightly smaller than the value 146.8  in low 
cristobalite.  Their distribution of values indicates that 
a is more likely to be greater than 144°, partly account- 

ing for the lower density in fused silica compared with that 
of quartz. 

3 
A more recent study by Konnert and Karle  has raised 

the possibility that silica glass may be composed of micro- 
crystallites of the low temperature form of tridymite (low 
tridymite) having dimensions of approximately 13 A. Although 
the structure of low tridymite is not yet known, the radial 
distribution function indicates that it also features nearly 
regular Si04 tetrahedra.  In analogy with low cristobalite, 
one mUrht expect an Si-O-Si bond angle to be somewhat 
greater than in quartz.  Interestingly enough, high tri- 
dvmite with its irregular SiO. tetrahedra and larger 
Si-O-Si bond angles has a radial distribution function 
which is quite different ana easily distinguishable from 
those of fused silica quartz, low cristobalite and low tri- 
dymite, whose radial distributions function display a much 
greater degree of simularity with each other. 

Hence the evidence so far indicates that glassy Si02 
is composed of nearly regular Si04 tetrahedra.  The ques- 
tion of the Si-O-Si bond angle is still open, but it seems 
reasonable to assume that the average value is somewhat 
larger than in quartz.  Recently, Philipp  has found that 
certain thin SiO films with x a 1.5 display optical pro- 
perties similar ^o those of fused and crystalline quartz, 
prompting the conjecture that these films also may display 
the same type of short range order.  Verification of this 
conjecture must await further experimental results, but at 
this point, it seems reasonable and necessary to incorporate 
this structural information into the theoretical models. 
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III. THE F ' CENTER IN SiO, 

There are two reasons why structural information is 
important in the development of any theory of SiO«.  First, 
a knowledge of the atomic positions is quite useful in 
making any quantum mechanical calculations of electronic 
energy levels.  Second, the details of the structure can 
give some clues concerning the way in which to construct 
t lie bonding orbitals in such a theory.  With respect to the 
second consideration, the tetrahedral structure of the SiO. 
unit surrounding each Si atom, coupled with the fact that 
the Si atom is in Group IV of the periodic table, gives a 
strong suggestion that the Si valence orbitals are in the 
sp^ hybrid configuration in SiOg.  The sp3 configuration is 
the only one in which the orbitals have tetrahedral (or dis- 
torted tetrahedral) symmetry without the inclusion of d 
orbitals.  The appreciable admixing of d orbitals appears 
unlikely since this would require a considerably greater 
hybridization energy without significantly adding to the 
bond energies.  Calculations such as those of Bennett and 
Roth*»', which will be discussed later, confirm this ex- 
pectation since they indicate that the Si d orbitals have 
virtually no involvement in the valence bond states.  It is. 
ol course, important to have some experimental confirmation 
ol these inferences.  Such evidence is available from the 
Ij delect center in SiOg. 

The E' center is a radiPtion-induced paramagnetic de- 
lect in both crystalline and glassy SiOg which was first re- 
ported by Nelson and Weeks'.  The center was observed to be 
permanent with an optical absorption peak at about ^.7 eV. 
While there is some disagreement about the detailed inter- 
pretation of the spin resonance data, there seems to be gen- 
eral agreement that the observed paramagnetic resonance is 
produced by an unpaired Si sp3 hybrid orbital8.  This con- 
c lusion is based upon the magnitude of the hyperfine inter- 
art ion of the electron with the Si2^ nucleus. 

Thus the spin-resonance data indicates the presence 
the sp3 hybrid orbitals even if the Si atom is not bonded 

9 oJ 
to lour adjacent 0 atoms.  Calculacions have shown17 that a 
Si atom in t lie hybrid state and bonded to only three adjacent 
0 atoms is a stable arrangement but that it is unstable if 
bonded to only two 0 atoms.  Therefore one may reasonably 
in!er Irom the information concerning the El center in SiO^ 
(Hal * he environment in both the crystalline and glassy 
materials lavors the tetrahedral arrangement about the Si 

92 



atoms and the sp3 hybrid arrangement of the Si valence Or- 
bitals.  This arrangement is stable enough to survive the 
removal of an 0 atom at one of the corners of the tetra- 
hedron . 

IV. MODELS FOR ELECTRONIC PROCESSES IN SiOr 

Two different types of quantum mechanical theories 
have been proposed so far to describe the ele^'ronic pro- 
cesses in Si02.  The first theoreticr.1 model which was pub- 
lished10 attempted to explain the ultraviolet spectrum of 
Si09 by assuming that the ubiquitous SiO. tetrahedron re- 
sults from the sp hybridization of the Si valence orbitals 
and the formation of Heitier-London type bonds betveen the 
Si and 0 aton?.  According to this model, electronic exci- 
tation of thf,' system can result in such processes as the 
breaking of Si-0 bonds and the localized rearrangement of 
atomic valence orbitals.  In contrast, the more traditional 
molecular orbital model as applied in later theories of 
Si02 by Reilly

11 and by Bennett and Roth5'6 gives a more 
conservative picture of electronic excitation. 

In a molecular orbital approach, the wave function for 
the N electron system is represented as an antisymmotrized 
product of one-electron molecular orbitals, each having the 
lorm '»».(j)  r. C a (j) where l^i^N and the 
orbitals centered at each atomic site.  The 
values or onv-electron energies f. are given 
dltion 

energy 
by t he 

are atomic 
eigen- 
con- 

Det (H- eS) - 0 

where y. represents the matrix elements of the Hamiltonian, 
and Jg the various overlap integrals.  The calculated co- 
hesive energy is the difference between the sum of the e. 
and one-electron energies lor the separated atoms.  It is 
clear that the excited states of the system in this model 
consist of filling up the unfilled c., since for an N 
electron system, there are N eigenvalues, but in the ground 
state, only the lowest N/2 are filled, since two electrons 
having opposite spins can be placed in each of the^j...  The 
wave functions for the e.ccited states of the system differ 
Irom that of the ground state only in the values of the Cn 
in the molecular orbitals.  In the work by Reilly, local 
symmetries about each atom were used to simplify the form 
ot the *..  The sp  hybrid orbitals were used for the Si 
atom, unh  directed hybrid orbitals, discussed below, were 
used lor the O atom.  Estimates oi thee, were made from 
qualitative considerations in order to arrive at a picture 
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ol' the nature of the electronic excitation in SiOo that 
Hives the first two lines in the ultraviolet specfrum. On 
t lie other hand, the e. were calculated by means of a sim- 
plified technique, the Extended Huckel Theory (EHT) by 
Bennett and Roth.  In this method, the off-diagonal matrix 
elements of the Hamiltonian are given by 

H Xo 
1/2 K (I, + I )SX c  Xo 

where Hj, x " 1^ is the valence state ionization potential, 
Sk^  is an overlap integral between atomic orbitals, and K 

K - 1.75. 
xo 

is taken to be a constant i .e. 

In contrast to the molecular orbital model, the valence 
bond model proposed by Ruffa10 takes a quite different con- 
ceptual view of both •ohesion in the ground state SiC^ and 
electronic excitation of the system.  The ground state wave 
function is again represented as a single determinent. but 
instead ol being composed of molecular orbitals, it is in- 
stead constructed in the form of a generalized antisymmet- 
ric product of Si and 0 core atomic ions functions.  The 
•wo electron bonding wave functions <£. (1,2) have the form 

*h(l,2) 
2-1/2:*si(i)*0(2)+*sl(2r(i+s2)"1/2p(i.2) 

e cp,;. . nave tne lorm oi oi &p  nyui iu UIUXLO-XS.  I UC TQ 
e t al^en to be 02  orbitals, with two of them, say the 2px, 
ired together aspnonbonding lone pair orbitals.  The re- 

where P(l,2) is a two-electron singlet spin function, and 
S   (^s ,*n) is the overlap integral, and as stated earliei , 
the $„  haVe the form of Si sp3 hybrid orbitals.  The *, 
are taken to be 0r 
paired together aspnonbonding lone pa] 
maimng 2p and 2pr orbitals included in the two electron 
bonding wa^e functions, are inclined at angles of 27 with 

the bond axes in order to achieve maximum stabilityJ»10, 
There is evidence indicating minimal hybridization oi the 
valence orbitals in the 0 atom, thus justifying the use of 
simple 2p bonding orbitals, but this will be discussed in 
detail later on. 

Unlike the molecular orbital model where cohesive 
energy is represented as the difference between the values 
ol r*  lor the material and the separated atoms, cohesion 

i 1 
in the valence bond model arises primarily from the Heitler- 
Loiuion bonding mechanism, i.e., the two electron bonding 
wave functions associated with each Si-0 atom pairs.  This 
energy can be calculated quantum mechanically in principle, 
but it can also be determined from thermochemical data. 
This lias been done lor SiO,; and the bond energy has been 
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iound to be 7.9 eV. 0 Excitation of the system is also 
dil'lerent in this model.  Instead ol a filling of the 
initially unfilled one electron energy levels as is done in 
the molecular orbital model to describe electronic excita- 
tion, the valence bond model allows more drastic changes in 
the local environment of the material and in the associated 
wave function.  The excited state energy is then calculated 
accordingly. 

Although these energies can in principle be calculated 
by means of the one electron approximation, the model of 
excitation used in the molecular orbital scheme has become 
known in some circles as the one electron approximation. 
This scheme of using the unfilled one electron energy levels 
to describe electronic excitation has been used with con- 
siderable success in band structure calculations of metals 
and semiconductors.  However, the use of the va?.ence bond 
model in a material such as SiOg presents a picture which 
is more immediately suited to a description of situations 
where local changes in environment are brought about by 
electronic excitation.  These changes which include such 
processes as bond breaking and orbital rotation and re- 
arrangement may very well take place in SiO., and other ma- 
terials which are large Land gap insulators^and which fea- 
ture highly localized covalent bonding. 

The idea of bond breaking is a rather old one in the 
study of organic molecules in the gaseous state.  The pro- 
cess of photolysis, in which light of a precise frequency 
is used to break apart molecules has been the physical 
chemists' tool for a long time in determining bond energies. 
By studying the products which remain alter the molecular 
decompositions, and knowing precisely the energy associated 
with the incoming radiation, nach ol the bond eneigies in 
the molecule can be deduced.  This information is of consid- 
erable importance in reaction rate determinations. 

This idea has not received much attention in solid ma- 
terials, possibly because bond breaking would not in this 
case lead to decomposition of the material.  Instead, bond 
breaking in the solid material might result in orbital re- 
orientation, exciton creation, and the excitation of elec- 
trons into the conduction bana.  Thus no obvious physical 
process identifies the breaking of bonds and i.:ore subtle 
analyses must determine whether or not a theoretical model 
which includes such processes in its description of these 
materials is valid.  Ultimately, experimental observation 
is the means by which this will be determined, but the na- 
ture of the experiments will undoubtedly be suggested by 
the success or failure of the theoretical models. 

95 

*m 



V. COMPARISON OF THE MODELS WITH 

EXPERIMENTAL PROPERTIES OF SiO,, 

COMPARISON WITH THE ULTRAVIOLET SPECTRUM 

Hmvlng sketched t lie broad conceptual bases lor the 
theoretical models in the last section, we will now make a 
critical comparison of them with some of the experimental 
properties of Si02.  The ultraviolet spectrum of quartz was 
first examined by Loh12 who observed a sharp peak at 10.1 
eV and a broader peak at about 12 eV.  These two prominent 
features were subsequently confirmed by Philipp1*3 in both 
quartz and fused silica.  Philipp extended his data out to 
26 eV and observed two other peaks in addition at higher 
energies with the general features of the results for fused 
and crystalline quart/, being nearly identical.  Loh origi- 
nally suggested that the first peak represented an exciton 
While the second, he associated with transitions to the con- 
duction band.  The shapes of the curves make this specu- 
lation attractive, since the first peak is quite sharp and 
decidely Lorent/ian in shape, while the second is broader 
and more diffuse. 

THE VALENCE BOND MODEL 

The first model   for the ultraviolet spectrum of SiOr, 
proposed that the first peak in the spectrum results .rom 
Live breaking of an Si-0 bond with the creation of a Wannier 
exciton.  The binding energy of the hydrogenic orbital asso- 
ciated with such an exciton with respect to the conduction 
hand is M(e2/K)2/2h22, where M is the reduced electron-hole 
effective mass, and K is the dielectric constant.  Using thn 
opt Leal dielectric constant extrapolated to * ■ «■ and a value 

0.5 which is fairly typical for insulators, the binding 
energy of the Wannier exciton with respect to the conduction 
band was calculated to be 1.27 eV.  The average radius of 
the orbit is 2.8 eV which is nearly enough to include next 
nearest neighbors, and hence make the assumption of a rela- 
tively large radius orbit reasonable.  The second peak then 
results from t lie ionization of the exciton into the con- 
tmuum.  This calculated binding energy is also reasonably 
close to the observed separation between the first two 
peaks . 
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The absolute energy placement of the first two peaks, 
i.e., in this model the energy necessary to create the 
Wannier exciton. was determined by estimating the energy 
associated with the bond breaking and orbital rearrangement 
processes.  This was originally accomplished by adding to 
the energy of the broken bond (7.9 eV) the estimate of the 
energy lost through the three remaining distorted Si-0 bonds 
associated with the given Si atom.  The estimate was made by 
assuming that the hole would be localized on the Si atom 
leaving behind the sp2 hybrid configuration.  These orbitals 
would then be displaced by 19° from the original bond axes 
with an estimated reduction in energy by a factor of cos 
19°.  This energy reduction approximation is based on the 
assumption that the Coulomb integral J and the exchange 
integral K are approximately equal, in the Heitler-London 
bond energy E. - (J+K)/(l+S).  Since J is nearlv inde- 
pendent of orientation and K ~ cos2 a where a is the re- 
orientation angle , then the bond energy varies approximately 
as  K(lfcosJo) -,: Eb cos a.  Subsequent calculations

9 indi- 
cated that this is a fairly good approximation in Si09. 

However, it is clear that this procedure is a great 
oversimplification.  First, it seems unlikely that the hole 
would be completely localized on the Si atom.  Instead the 
electron remaining from the broken bond would probably be 
Shared by both the Si and 0 atoms in order to achieve the 
lowest energy.  Although the large oxygen 2p one electron 
energy (~ 14 eV) seems to indicate that the electron would 
be primarily located on the oxygen atom.  In addition the 
process of the reorientation of the other oxygen bonding 
orbital with respect to the Si-0 bond was not considered - 
B process included in later calculations.9'14  Finally, the 
question of the change in energy associated with the change 
in Si valence orbitals was not considered.  Detailed 
quantitative calculations which properly include all of 
these processes would be quite difficult and probably not 
Justified until some experimental confirmation of the 
model takes place.  Some suggestions along these lines will 
be discussed later on. 
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THE HYBRID MOLECULAR ORBITAL MODEL 

Another model for the first two ultraviolet spectral 
IMIOS in SiOr, which is quite different conceptually from the 
i irst was suggested by Reilly11.  Using a molecular orbital 
schone, Reilly proposed that the oxygen 2s and 2p electrons 
lorm the lollowing hybrid orbitals in Si02: 

^ 2-1/2r(2-cos2 a/2)1/2 os " Opy - (cot o/2)opz 

^-2"l/2C(2-c»ca a/2)1/2 üS + opy - cot a/2)opz- 

2     1/2 
fcj-Uot a/2)os +   (2-csc    a/2)x/    0pz 

4     px 

where o , o  , o  . o r are the oxygen atomic orbitals and a 
is the ^i-0E^J b8Xd aR^le.  In this hybrid orbital arrange- 
mont , <J>-i and $2  are orbitals which point in the two Si-0 bond 
directions, 4>j is a lone pair orbital in the Si-O-Si plane 
pointing away from the three atom molecule, and $4 is a lone 
pair orbital which in  perpendicular to the Si-O-Si plane. 
The last two orbitals contain two electrons each, while the 
first two contain one each for the total of six oxygen 
valence electrons. 

Reilly associated the first sharp peak in the Si02 
spectrum with an exciton resulting from an atomic-like tran- 
sition involving the *. above, i.e., the oxygen p orbital, 
and an electronic orbital resembling Lhe oxygen 3s orbital. 
In similar tashion, he connected the next peak with an 
oxygen 2p - 3d exciton transition involving the other lone 
paii- orbital <&,.  Noting Phillip's13 nearly identical re- 
sults lor lusea and crystalline quart/, which he observed 
occur "despite the lack of long range order in the former, 
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characterized by large variations in the Si-O-Si bond angld', 
ho concluded that "the Si inlluemc in the associated ex- 
cited electron states is secondary".  As an example he 
claimed that excited electron state lor the electron hole 
pair is probably not Si-0 antibonding.  The reference to 
tie large variations ii. Si-O-Si bond angle relates to the 
Mozzi-Warren- model of fused silica, where a varies between 
120O and 180°. 

While Reilly apparently believed that dissociating the 
excited states from Si atom influence would make his model 
compatible with both Phillip's12 results and the Mozzi- 
Warren model, he appears to have overlooked one serious 
problem which his hybridization scheme would present.  If, 
in fact, the Mozzi-Warren model is correct, the large varia- 
tions in a  would produce similar variations in associated 
transition probabilities and one electron energies according 
to Reilly's hybridization scheme which would predict quite 
different U.V. spectra for fused and crystalline quartz. 
Consider the one electron energies, for example, which 
would determine the positions of the spectral lines.  Ap- 
proximate one electron energies for Reilly's hybrid Orbitals 
can be calculated by noting that if H is the one electron 
Mamiltonian for the normal oxygen atom, then Ho,   f , and 

* s 

Ho 

• 

HO Ho 
J2Z .  ES 

px • 
$ 

where f  and 

py 
pz 

c  are the one elec- 
P 

tron energies of the s and p orbitals. We may now calculate 
approximate one electron energies for the hybrid orbitals by 
taking the associated expectation values of H: 

e1 -, f2 -(^.H^) - 2"1:(2-csc2 a/2 )€s+(i+Cot
2a/2) e ^ 

f3 = ^»"«V " (f-'ot2 a/2) f + (2-csc2 a/2) c 

(*. '■V = 

Wo  see   from  this  calculation  that   the  value  of   c4   is   inde- 
pendent   ol   a but   that   the  value  of   e3,   which  according  to 
Hcilly's  model  accounts   for   the  second   peak   in   the  U.V. 
spe< trum,   is  strongly   dependent   upon  a.     Using  the  Herman 
and  Skillmanio  values   for   r     and  f   ,   one   quickly  finds   thr 
the  Mo/zi-Warrcn  structural1model  requires  that   in   fused 
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quart/., f~ varies between 14.1 and 19.1 eV.  This wide 
variation ^n energy would bo matched by the widely ranging 
values in the transition probabilities for the process 
<?),, - 3d proposed by Reilly since the various components ol 
K arc strongly o dependent.  The second spectral line 
would thus be broadened considerably, probably to "he point 
where it would not be observable.  Consequently, this model 
results in quite dillerent descriptions for the second peak 
Of the U.V. spectra for fused and crystalline quartz and we 
must conclude that the hybrid molecular orbital (HMO) 
scheme alone is inconsistent with the Mozzi-Warren model 
and Phillip's results concerning the similarity of U.V. 
spectra Id crystalline and fused quartz.  While the 
Konnert-Karle model could provide a measure of compatability 
on this score, since the structure of low tridymite, al- 
though it is not known, probably features one or at most a 
lew values of a.  which are close to that in crystalline 
quart/., the HMO model also runs into serious problems with 
the x-ray emission data as will be discussed later.  Implied 
in Reilly*! paper, however, is the possibility that further 
mixing with other orbitals can decouple the s contribution 
to the bonding orbitals.  While this would change the U.V. 
spectrum interpretation by largely eliminating one of the 
lone pair orbitals, it would avoid many of the problems 
discussed above.  A nonhybrid model will be discussed 
t urt her on . 

THP: EXTENDED HUCKEL CALCULATIONS 

5   6 
Bennett and Roth '  applied the EHT to a calculation 

o) the excited state energy levels and the imaginary part 
ol the dielectric constant of Si09 and some clusters repre- 
sent ing models ol materials in the amorphous series SiO . 
with 0  x  2.  They concede that the first sharp peak in 
the U.V. spectrum may be due to an exciton transition but 
they do not consider it further.  The EHT is generally 
known to yield uselul semiquantitative results for energy 
lev«'Is of small molecules, and, therefore, may be applied 
io ;in extended tnat"rial by considering small clusters of 
atoms and applying periodic boundry conditions.  However, 
one problem with this method is that the technique is not 
sc1l -consistent , as is acknowledged by Bennett and Roth, 
and therefore, the eigenfunctions yielded by the calcula- 
t ions may not realistic-ally represent the system. 

The results of the calculations generally confirm 
these expectations.  They are in relatively good semiquanti 
latiVC agreement with the experi.aental results of Phillip4, 
including the variation of the energy gap with composition 
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and the general shape of the e^ - vs - frequency curves. 
However, the EHT nas the property that in Sip„ it yields 
a nearly ionic configuration, i.e., S.+4 0?  in connection 
with the calculated energy eigenvalues.  As Bennett and 
Roth point out, this is a weakness of the method which is a 
result of its nonself-consistency.  Consequently, this 
method does not appear to be well suited for giving a 
physical description of the processes involved in the elec- 
tronic excitation spectrum.  Moreover, it does not appear 
suited to describing an exciton transition, or providing 
important information concerning the bor'H:iig and nonbonding 
orbitals of the oxygen atom in SiO^ or the uegree of hybrid- 
ization of the boniing orbitals. 

COMPARISON OF THE THEORETICAL 

MODELS WITH THE OBSERVED OXYGEN 

X-RAY EMISSION SPECTRUM IN SiO„ 

Information concerning the oxygen valence orbitals in 
Si09 can be obtained by examining the oxygen x-ray emissior. 
spectrum, since this provides valuable information concern- 
ing the nature and degree of hybridization of the valence 
orbitals as well as their energetic separations.  The 
oxygen Ka emission spectrum arises when an 02p valence 
electron fills a hole in the K shell caused previously by 
ionizing x-radiation.  It is clear that this process 2p -• 
Is yields a spectrum whose details (number of lines, rela- 
tive intensities, energetic separations) are dependent 
upon the amount of 2p character the various valence orbitals 
contain, which in turn is determined by the nature and de- 
gree of hybridization.  The OKa x-ray emission spectrum in 
SiO,. was obtained by Ershov and Lukirskii.   Their re- 
sults indicate that the OKa emission spectrum in Si02 con- 
sists of two primary lines, separated by about 7 eV, with 
the line corresponding to the higher energy being about 
three times as intense as the other one. 

14 This spectrum has been analysed  within the frame- 
work of the valence bond model (VBM).  According to this 
model the more intense line corresponds to the transition 
2p (not bonding)- Is, involving the nonbonding lone pair 2p 
orbitals.  The less intense and energetic satellite results 
from the breaking of an Si-0 bond, with the stabilization 
ol' the remaining Si-0 bond by rotacion of the remaining 2p 
bonding orbital to align it with the bond axis.  The 
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calculated energy difference between the two processes is 
7.1 eV, in good agreement with observation.  The calculated 
transition probability rat o is also in reasonably good 
agreement if the electron remaining associated wi^h the bro- 
ken Si-O bond is not completely isolated on the 0 atom  As 
discussed earlier, this possibility appears unlikely. 

The observed OKa spectrum may also be compared with 
other models of SiOg in order to determine whether the 
oxygen valence orbital scheme which they propose is consis- 
tent with it.     We can quickly see, for example, that Rtillyfe 
HMO scheme is not consistent with the OKa spectrum even if 
we assume a fixed value of o.  Setting a = 143 5° the 
value in quartz, the HMO valence orbitals for oxygen take 
the form, 

* - 2-1/2(.94403 o^ - O,      -   .32975 m     ) 
• s   oy pz 

-1/2 
02 = 2    (.94405 os  + Opy - .32975 o     ) 

$„  - .32975 pm +   .94403 M J s pz 

4   px 

The transition probabilities for the various allowed pro- 
cesses are prooortional to the square of the dipole matrix 
elements (U|r|« ) between initial and final states.  As a 
matter ol convenience, we will set the relative intensity 
ol the process $ - Is equal to unity.  The appropriate 
matrix elements are easily determined, and because the 
transitions ^ - Is and $2  - Is involve the same energy 
sihc-e f1 - c  then the two processes lumped together would 
correspond t8 a single spectral line.  The relative transi- 
tion prooabilities are then calculated to be: 

(*1 + *2 ^ "* ls ^^ • 09 

*3 -^ Is 0.89 

*4 ^ is 1.00 

Vhus we see that the HMO model predicts the existence of 
three spectral lines in the OKa emission spectrum having 
nearly equal intensity.  Using the Herman and Skillman one 
electron energies for r and r, we find that the energetic 
separations between the lines Would be 5.2 eV between the 
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first two lines, 
obviously mcons 
ing of two lines 
ratio of about 3 
the HMO model is 
this calculation 
spectrum is a fa 
appreciable hybr 
SiO«. Figure 1 
with the results 

and 2.3 eV between the last two.  This is 
istent with the observed spectrum consist- 
separated by 7 eV and having an intensity 
:1.  Consequently, we must conclude that 
untenable.  In addition, the results of 
indicates that the two line OKa x-ray 

irly strong demonstration of the lack of 
idization of the oxygen valence orbitals in 
illustrates the experimental spectrum along 
calculated using both the HMO and VBM. 

The results of the EHT calculations also appear to be 
incompatible with the OK x-ray spectrum. First, the near- 
ly ionic configuration yielded by the EHT presents grave 
problems in accounting for x-ray satellite lines, since 
these must be explained in terms of valence orbitals having 
different one electron energies, and different character in 
the material (usually bonding and nonoonding).  Second, the 
energy levels associated with the 0 2P orbitals obtained 
using this method are all clustered in a 2-3 eV region 
Therefore this model cannot account for the much larger 
7 eV separation between lines in the OKa x-ray spectrum. 
It is not clear whether the Bennett-Roth EHT calculations 
fail to agree with the OKa x-ray spectrum because of the 
unrealistic eigenvalues which they yield, or whether in 
lact, their calculated eigenvalues are fairly accurate 
and a simple molecular orbital model which does not 
differentiate between the ionized and unionized states is 
incapable ol describing the spectrum.  Resolution of this 
question must await more accurate molecular orbital calcu- 

A NONHYBRID MOLECULAR ORBITAL MODEL 

In order to more nearly complete the discussion we 
will now consider a molecular orbital model analogous to 
the unmodified HMO which avoids the problems associated 
with using hybridized oxygen valence orbitals in Si0o. Such 
a nonhybrid molecular orbital model (NHMO) can be construct- 
ed in analogy with the VBM, in which two 0 2p orbitals are 
used in the bonding process, and two nonbonding 2p electrons 
are placed in lone pair orbitals.  In analogy Sith Reluv's 
model  the NHMO model can attribute the exciton transition 
to a ^p - 3s process involving the lone pair orbitals. while 
theli atomP  *    orbitals for the valence electrons of 

103 



II accordinfi to a NHMO model, the first peak in the 
U.V. spectrum is assigned to a 2p (nonbondin^) - 3s transi- 
tion where the excited state is a narrow band having 3s 
like atomic character, the question then arises as to the 
mechanisn ior the second peak in the spectrum some 2 cV 
higher in energy.  These are two possibilities.  One is 
that the next peak arises Irom a transition irom the narrow 
3s banc, to the conduction band.  The other would involve a 
transition irom the 2p bonding level to the conduction band 
— a transition which in principle would be allowed m the 
molecular orbital scheme.  The latter assignment would 
imply that the 0 2p bonding and nonbonding energy levels 
are separated by less than 2 eV in Si02.  This would be 
consistent with the results ol the Bennett-Roth calcula- 
tions in which all ol these energy levels are clustered 
within a 2-3 eV region.  Moreover, a«^ is illustrated in Pig, 
2, this result seems reasonable, since the cohesive energy 
ai   SiO^ ol 7.9 cV per Si-0 bond means that in t lie molecular 
orbital scheme, the total amount by which the eigenvalues 
ol the Si and 0 bonding orbitals is lowered in the material 
is 7.9 eV,  Since Lhe 0 bonding orbitals are initially 
lower in energy than those ol the Si-atom by about 6 eV, a 
ninimil lowering of the 0 bonding orbital eigenvalues seems 
reasonable.  However, this result is completely inconsis- 
tent with the OKa spectrum which requires a 7 eV separation 
between 0 2p bonding and nonbonding orbital eigenvalues. 
This problem is similar to that discussed earlier with 
respect to the Bennett-Roth EHT calculations.  Although it 
seems unlikel) that a more elaborate calculation would 
significantly change this result, we will allow lor this 
possibility in the discussion which follows. 

One is then left with the first possibility for a 
NHMO model of the second peak in the U.V. spectrum, a tran- 
sit ion from a narrow 3s band to the conduction band, with 
the question of the separation of the bonding and nonbond- 
ing oxygen 2p orbitals left open.  The participation of 
the bonding 2p levels could then be assumed to either take 
place at higher energies, or, in analogy with the case of 
the lone pair orbitals in the VBM10, to be prohibited by 
selection rules.  This possibility seems less likely than 
the one discussed above, but in the absence ol more 
accurate theoretical results which would rule it out , we 
will consider some of the experimental implications ol  his 
model compared with the VBM.  In the 1irst place one sight 
expect some similarities as well as differences in behavior 
between the Wannier exciton of the VBM and the exciton in- 
volving the atomic-like transitions of this model as a 
function oi structural detail and density of the material. 
In the Wannier exciton, the binding energy with respect to 
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Ic-likf narrow band would in ^ behavior ol a 3r, atom- 
Slalcrl7 3s orbital for th 
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VI. SUGGESTIONS FOR FURTHER EXPERIMENTAL TESTS 

In the absence of further experimental or theoretical 
evidence, it is not possible at this point to definitely 
favor either exciton model, although the atomic-like exci- 
ton of the NHMO model requires just the right combination 
ol conduction band shift with respect to the vacuum ioniza- 
I ion continuum, small effect of the dielectric constant of 
SiO„ on the oxygen atomic excitation energy, noninvolvement 
of the bonding orbitals in the process, and large separa- 
tion between energy eigenvalues of the bonding and non- 
bonding oxygen 2p orbitals.  The last point is a particu- 
larly difficult one. since it seems unlikely that molecular 
orbital scheme can require an energetic separation between 
bonding and nonbonding 0 2p orbitals which nearly equals 
the energy per Si-0 bond in order to make it agree with the 
observed OKa spectrum.  However, it is possible that this 
question can be settled by a key experiment involving thin 
Si09 films.  It appears to be possible to deposit thermally 
annealed thin films which display most ii not all of the 
short range order that exists in the bulk glassy material. 
The films which Philipp studied4 muy have had this property. 
On the other hand, R.F. sputtered films do not appear to 
display even short range order since the atoms are deposited 
one at a time in random fashion.  In such a sputtered film, 
if the structure is truly random, and the SiO^ tetrahedral 
structure is largely nonexistent, then the VBM featuring 
the Wannier exciton and a strong dependence on the details 
of the Si-0 bond would predict that no such exciton tran- 
sition wouxd occur.  Hence, according to this model, such 
a 1ilm would not display the sharp structure which has been 
observed in the U.V. spectra of glassy and crystalline 
Si04 between 10 and 12 eV.  On the other hand, the NHMO 
modC'l which features the atomic-like 2p - 3s exciton tran- 
: it on predicts that this structure in the spectrum should 
occur irrespective of short range order, since an atomic- 
like transition involving nonbonding orbitals is virtually 
independent of the details of the Si-0 bonding mechanisms. 
A preliminary experiment of this type has already been 
carried out by Sigel-^8 who was unable to observe this 
structure in the U.V. spectrum of sputtered SiOg films. If 
this result should be confirmed by more extensive studies 
ol various types of films in conjunction with carelul local 
structure determinations by means of x-ray analysis, the 
VBM leaturing the Wannier exciton would be strongly con- 
1irmed, while the NHMO model and its atomic exciton would 
lie virtually eliminated from further consideration.  The 
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disappearance of this structure in SiO films as observed by 
Philipp is initial evidence in this direction. 

their EHT calcu- 
the appearance 
state which they 
does not appear 

The question of whether or not bond breaking processes 
takes place in Si02 is then quite an important one in thr 
thin film applications.  Since the local structural order 
of such films appears to be quite variable, their optical 
properties may be amenable to structural "tayloring" if 
bond breaking is involved in the electronic processes. One 
example was just given concerning the U.V. spectrum. Another 
may involve the intrinsic E' center.  A model for tbis de- 
fect center consistent with the VBM has been given^" which 
is in agreement with available experimental data and which 
predicts that the optical excitation of the center results 
in the breaking of a Si-O bond.  It has been suggested10 

that the bond breaking may be detected by spin resonance 
techniques.  The only other model for this center was set 
forth by Bennett and Roth5 who observed in 
lations that an oxygen vacancy resulted in 
of an energy level 6.6 eV above the ground 
associated with the E' center.  This model 
to be tenable, however, since the dangling Si sp0 hybrid 
orbital required by the exoerimental results needs a much 
larger void in the material than a single 0 vacancy.  As 
lias been pointed out,10 the overlap between adjacent Si 
orbitale at an 0 vacancy is too large to allow anything but 
a singlet configuration (or a triplet excited state), which 
is contrary to the doublet paramagnetic property of the 
center.  Moreover, Bennett and Roth recognized that their 
model gives the wrong intensity of the hyperfine interac- 
tion in the LSR spectrum. 

Since the E\   center requires a large void in the ma- 
terial, the question arises as to just where such voids 
might exist.  It is well known that it is difficult to pro- 
duce these centers in crystalline quartz, but relatively 
easy in fused silica.  Of COUICP, the centers could occur 
In the crystal at dislocations and other large structural 
defects.  Structural defects and voids would be much more 
prevalent in the glassy material, possibly explaining its 
easier coloring property.  However, the Konnert-Karle 
structural model raises a fascinating possibility.  If the 
glassy material is composed of microcrystallites, then the 
E' centers could occur at their surfaces.  In this case, 
the ease of formation of these centers in thin films could 
be determined by their structural details.  Thus the E' 
band could be made to appear or disappear in a film de- 
pending upon the way in which it is deposited. 
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• t   has  already  been  su^^esteci^4   that   parama^ne« : /   de- 
led   i.enters might   be  created   in   SiO«   by x-radiation  on 
high  energy  electrons   if   the  bond  breaking mechanism   'or 
the  OKa  emission spectrum   is  correct.      It   is  clear,   however, 
that    in  a   thin  lilm,   this mechanism may  be  structure  de- 
pendent,   so   that   the  susceptibility  ot   a  film  to   the   lorma- 
t ion  of   defects  may  be  a  function  of   the way   in which   the 
lilm   is   deposited.     The  studying  of   bond breaking  possi- 
bilities  by  x-radiation  or   high  energy  electrons  create 
problems  because  of   the  structural   damage wh.'ch   is  done   in 
the  material.     With  the  commercial  available  of  U.V.   lasers, 
it   may   now  be   possible  to  conduct   experiments which   involve 
only   t lie  valence  electrons  and  the   Si-0 bonds with  the 
avoidance   of   t  e  undesirable  disruption  of   the   inner  shell 
electrons. 

VI.   SUMMARY  AND  CONCLUSIONS 

In   this  article,   we   huve  examined  four  different 
theoretical  approaches   to   the  understanding of  electronic 
processes   in  SiC^.     Three  of   these,   the  valence  bond model 
of  Ruf la,   the   hynrid molecular  orbital   model  of  Reilly, 
and   the  extended  Huckel  calculations    ;f  Bennett   and  Roth 
have  already  appeared   in  the   published   literature.     The 
fourth,   the   nonhybrid molecular  orbital model,   has  been  set 
forth  and  analyzed   in  this  article   in  order   to  surmount 
some  of   the   problems encountered  by   the  hybrid molecular 
orbital  model  and  to make  for  a more   complete  discussion. 
A   summary  ol   the  analyses  ol   thei:e  models  and  suggested 
experimeatal   tests which  appeared   in  this article  are   in- 
c1uded   in  Table   I. 

It   is  clear   that   some  of  the  experiments  proposed   in 
this  articir   could  have  wide  ranging  possibilities  con- 
cerning   the   further  understanding  c£   the  properties  of 
SiO„,   particularly  the  thin  films  of   this material  and   its 
nonstoichiometri •  variations.     Confirmation of  a  shift   to 
lower  energies  ol   the  first   peak   in   the  U.V.   spectrum  of 
glassy  composed   to crystallic   quartz  would strongly   support 
the  Wannier  or  atomic  exciton  transition models.     Disappear 
ance  of   this  structural   feature   in   the  U.V.   spectra   in 
sputtered  films,   but   not   in  thermally  annealed  films would 
strongly   confirm  the  bond  breaking  and Wannier  exciton 
models.     This would   imply   that   the  U.V.   spectrum  could  be 
varied  by   the  way   in which  the   films  are  deposited  or 
annealed.      Similar   possibilities  exist   for  the  E'   defect. 
Particularly   if   the  bond breaking  mechanism are  confirmed, 
it   would  appear   that   both  the   pure   films as well  as  those 
containing  atomic   impurities  could  be   subject   to  a  wide 
range  ol   controlled  variation   in  their  optical  and  defect 
propert ies. 
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TABLE I. SUMMARY OF DISCUSSIONS CONCERNING PROPOSED 

THEORETICAL MODELS OF ELECTRONIC PROCESSES IN SiO 

VALENCE BOND MODEL (VBM) 

1. Associates first peak in U.V. spectrum with breaking 
Of Si-0 bond and formation of Wannier exciton.  Second peak 
then results from excitation of electron into conduction 
band.  Fairly good agreement with observed energies. 

2. Predicts that first peak changes or disappears if 
MO^ tetrahedra in material are changed or destroyed. 

3. Predicts slight shift in first peak to lower energy 
in quartz compared to position of first peak in fused 
silica. 

4. Associates low energy satellite in OKa x-ray emission 
spectrum with the breaking of Si-0 bond.  Gives fairly i;ooc 
agreement with observed energy separation and intensities 
ol two lines. 

5. Predicts formation of paramagnetic point defoctp 
resulting from x-ray emission and other radiative processes. 

HYBRID MOLECULAR ORBITAL MODEL (HMO) 

1. Associates first two peaks in U.V. spectrum with 
atomic-like exciton transitions involving two different 
sets of lone pair Orbitals resulting from hybridization of 
0 valence electron orbitals.  Gives results inconsistent 
with Mox.zi-Warren structural model of vitreous Si0o and 
with observed similarity of U.V 
i vised silica. 

spectra of quartz and 

Si02 with 2. Yields three line OKa x-ray spectrum in 
each line having equal intensity, as opposed to oßserved 
two-line spectrum with lines having intensity ratio of 
about 3:1, 

i 
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EXTENDED HUCKEL THEORY (EHT) 

1. Does not appear suited to describing exciton 
transit ion. 

2. Gives fairly good semiquantitative agreement with 
observed energy level and c2-vs-frequency curves. 

3. Vields unrealistic ionic eigenlunctions lor Si02 
due to lack ol sell consistency. 

4. Energy level separation of 0 2p orbitals inconsistent 
with OKa x-ray emission data. 

NONHYBRID MOLECULAR ORBITAL MODEL (NHMO) 

1. Uses nonhybrid 0 valence orbitals. 

2. Associates first peak in U.V. spectrum with atomic- 
like exciton transition involving lone pair orbitals. 

3. Predicts that first peak is virtually independent of 
nature of short range order, i.e. SiO. tetrahedra. 

4. May have difficulty agreeing with both U.V. and 
OKa x-ray spectra. 

i 
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OKa 

Fig. 1 - Experimental and theoretical OKa x-ray emission spectra 
for 8102- Each graduation on the relative energy scale represents 
5 eV, with the energy increasing from left to right. The smooth 
curve is the expeiimental result of Ershov and Lukirskii (Ref. 16). 
The two solid vertical bars represent the result of the valence 
bond model (VBM) described in the text, with the heights of the 
bars representing the calculated relative intensities of the two 
lines. The three dotted vertical lines represent the result of the 
hybrid molecular orbital model (HMO). 
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Fig. 2 - Illustration of the energy level shifts associated with the bonding 
orbitals in SIOQ in a simple nonhybrid molecular orbital model. On the far 
left, the one electron energies as given by Herman and SkiUman^ for the 
Si 3s and 3p and the O 2p orbitals are represented by the three horizontal 
lines. At the center is represented the one electron energy of the Si sp"^ 
hybrid orbitals, whose value was calculated from those of the 3s and 3p 
orbitals by the method described in the text. The one electron energies 
for the Si ip" hybrid orbitals and the O 2p orbitals differ by about fieV for 
the free atoms. On the right, these combine to form a single level asso- 
ciated with a Si -O bond. Since the bond strength is about 7.9 eV, the top 
level is lowered by about 7 eV and the bottom lowered by about 1 eV in 
order to produce this bond strength, since the net change in these one 
electron energies equals the bond strength in this simple approximation. 
The energy separation between the bonding and non-bonding O 2p one 
electron energies in Si02 is represented by A is the illustration, and is 
about 1 eV. This is the energy separation between peaks which this model 
would predict for the OKa x-ray spectrum, and it is much smallei' than 
the observed value of 7 eV. 
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ESR STUDIES OF RADIATION-DAMAGE 

AND STRUCTURE IN OXIDE GLASSES: 

A CONTEMPORARY OVERVIEW WITH 

ILLUSTRATIONS FROM THE ALKALI BORATE SYSTEM 

D.L. Griscom 

ABSTRACT 

Electron spin resonance (ESR) is a particularly power- 
ful method for identifying and characterizing radiation-in- 
duced defects in oxide glasses.  This paper reviews the 
fundamental principles and the present state of the art in 
applying ESR techniques to vitreous materials.  A wide 
variety of generic defect types are discussed in some detail 
by means of examples from the alkali borate system.  Proba- 
ble analogs in other ox de glasses are pointed out.  Special 
emphasis is placed on the kinds of structural information 
which can be obtained from these studies. 

I. INTRODUCTION 

The study of radiation damage in vitreous systems is of 
interest for two basic reasons:  (1) An understanding of 
the nature of the damage can lead to fabrication of materi- 
als in which deleterious effects of radiation can be mini- 
mized or the favorable effects can be maximized, and (2) 
careful study of defect states (trapped electrons or holes) 
can elucidate certain structural aspects of the glassy state 
which could not be studied conveniently by other means. 
The first step of any such investigation must entail the 
identification of the various defect states which are in- 
duced by energetic radiations.  The technique of electron 
spin resonance (ESR) is proving to be the most powerful 
tool lor effecting such identifications.  The present paper 
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is a review of the types of radiation defects which have 
been identified by ESR in oxide glasses, with emphasis on 
the types of structural information which have been derived. 
In looking to the alkali borates for examples, the author 
has afforded himself the luxury of drawing heavily upon his 
own work.  It will be seen that this will entail no loss of 
generality, for there is ample evidence that analogous de- 
fects are' (or in principle could be) induced in most other 
common oxide glass systems.  While many of these analogs 
will be mentioned explicitly, no pretense of completeness 
is made.  The reader wishing a more comprehensive guide to 
the appropriate literature is referred to several excellent 
reviews on the general subject of radiation-inducpd defects 
in glasses, ' 

II. DEFECT STRUCTURE IN RELATION TO GLASS STRUCTURE 

Figure 1 prcöents a schematic view of an oxide glass. 
Here, a three-dimensional random network, consisting of net- 
work forming metal atoms covalently bonded to oxygens, is 
portrayed as a stylized two-dimensional structure in some- 
what the usual manner.3  It should be understood by this 
diagram that when four oxygens surround the network former, 
R, R , or R , they are in a tetranedral arrangement with the 
network former at the center.  Silicou is always tetrahe- 
drally coordinated, except when there is an oxygen vacancy 
as in Fig. la.  Such oxygen vacancies result in positively 
charged "point defects" which may trap electrons.  When 
K Si, this trapped electron center is the E' center,'1 and 
ESR evidence^ has shown the wavefunction of the unpaired 
spin to look something like the dashed "balloon" at the 
bottom of Fig. lb. 

When glasses are prepared using B203, P^S' 
Ge02' or 

A190„ as constituents, other situations can an 
Most of these may still be discussed within 

do occur. 
sun still be discussed witnm the framework 

of Fig. 1 if appropriate conceptual allowances are made. 
For example, boron is frequently in tetrahedral coordination 
in complex oxide glasses, although it also occurs in planar 
triangular units." (The  relative numbers of borons ccjrdi- 
nated three and four can be ascertained by nuclear magnetic 
resonance. )  Since boron has just 3 valence electrons, 
when it is found in 4-coordination it lias gained another 
electron from another source (usually a network modifying 
cation, as discussed below).  The same is true of aluminum. 
Tims, if Rn  - B or Al in Fig. 1, the tetrahedral complex 
(R )üa may be looked upon as a ncgat ive point defect when- 
ever It should be isolated from a charge-compensating 
interstitial cation (the network modifier, again).  Such 
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*»#•*>*■  nrp  hole  traps.     The  approximate wave- ruSUrn STS "TÄ M^h . .it. ;« ^n 1.»« 
fron  ESR6   to  be  something   like 
on  the  oxygen bridging between 
Fl B- lb 

the  dashed  "dumbell"   centered 
R    and an R  to   the  right  oi 

B 

BXPUCU   consideration  is now given to  the effects of 

moiecuu. ,      1   rm bonds with  two  borons  or 

S^d^li  TelteSlollTlll  be other  than that   indicated 
ul    the   lop  Of   Fig-    lb- 

Another   tvpe  of  electron trap can result when RA  has 
the  same  valency  as  R,   but  a greater  electron  al-x  y       An 
oxanplo  is when Ge(.R^  ^^^^^^Z^lr.i- 
^irV^Th^  ability  ot   sucK^center  would  be   increased  by 

m-arbv   interstitial cation.     In  fact,   cations  often 
Si?1uae to different positions following low temperature 
^^d^alr^d subsequent warmin!  thereby stabiizxng an 

otherwiee weakly trapped species.I.7  This situation 
illustrated in Fig. 1. 

I .uillv  the interstitial cations themselves may serve 
M citron U-aps.  Recent ESR evidence for alkali-associat- 
" ti tppeSglecL-on centers in alkali borate .lassesnave 

Due to the general mobility of interstitial 
ons  ••clivers" may form before, during, or after irradia- 
Uon' reaSlting In trapping sites comprising a number of 

■ tons ^  The anti-morph to the cation electron trap is 
he ant™ hole trap.  Although -^rstitial anions are a 

**m^mm   i c r.vi Hpnce"-!^ that when aiKaii 
^te'gÄ^^r^eUrS^l^lkaU halide addition., ^^ 
tchaide tons tako up interstitial positions and are often 
onolt ite hole traps.  These effects will be discussed 
further In later sections. 
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III. ESR LINE SHAPE ANALYSIS 

A.  Overview 

Crucial to identifying any of the defect sites des- 
cribed above is a careful analysis of the experimental ESR 
spectra, utilizing the correct theory and the appropriate 
experimental "tricks" and computational tools.  A "flow 
diai;ram" illustrating a typical approach to this problem is 
Uivcn in Fig. 2.  Many of the steps shown here can them- 
selves be broken up into substeps.  For instance, the step 
"observe induced ESR spectra" should include frequency-de- 
pendence studies which themselves may be every bit as 
valuable as isotopic substitution when it comes to confirm- 
ing the operating hypothesis.  Even more important, the step 
"infer proper terms in relevant spin Hamiltonian" presumes 
that the experimenter has some feeling for ESR "powder 
patterns" and how they are related to the spin Hamiltonian. 
The powder-pattern concept was originally elucidated by 
Sands^-^ in 1955, and since then numerous contributions on 
the subject have been scattered throughout the literature. 
A forthcoming review article-^5 will be useful in unifying 
t lie latest developments.  Introductions to the spin     16J9 
Hamiltonian formalism are provided in many standard texts. 
Finally, the techniques of computer simulating, ESR spectra 
of glasses have been described from several points of 
view, 0 2 and program listings and user's manuals have been 
made available upon request (c.f., refs 20 and 21). 

For the general reader wishing to understand something 
of t lie results of ESR studies of irradiated glasses without 
consulting all of the original source material, the lollow- 
inn simplified discussion is provided. 

B.  The Spin Hamiltonian 

The spin Hamiltonian is an expression for the energy 
of the particular electron or hole whose ESR is to be ob- 
served.  It is composed ol a number of terms including the 
Zeeman interaction (the interaction of the electron mag- 
netic: moment with the laboratory applied magnetic field). 
Ihc   hyperfine interaction (the interaction of the electron 
magnetic moment with the magnetic moments of nearby nuclei), 
and various other terms which won't be enumerated here. The 
crux of any ESR problem is to single out all of those terms 
which signiiicantly alfect the observed spectrum and to 
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ignore those which don't.  As it turns oat, the essential 
aspects ol all of the spectra to be described in the iollow- 
ing sections derive from the Zeeman and hyperline inter- 
actions only.  For the Zeeman interaction, there are just 
three parameters to be determined experimentally; these are 
the three principal components ol the "g tensor", gxx, |  . 
and K  .  (II no "crystal" coordinate system has been de^ 
Fined, theM quantities arc sometimes written g-, g2, ar.rl 
g„).  The "g values" are dimensionless numbers, but they are 
directly associated with particular values ol magnetic field 
according to 

g ■ 0H (1) 

where li is Planck's constant, v is the spectrometer fre- 
quency, 0 is the Bohr magneton, and H is the magnetic field 
value to be  associated with g.  By means of Eq. (1), a g 
value can be defined for any value of H.  However, one 
should not lose sight of the fact that there are only three 
values of 11 which correspond to the three principal values 
of t lie g tensor. 

There are also three parameters associated with the 
hyperline interaction for each magnetic nucleus interacting 
with the electronic, "spin"; these are the coupling constants 
A  , A  , and A   (or A , A2, and A«).  Strictly speaking, 
tiiese KXve dimeft^ions or energy, but it is common practice 
to quote "A values" as magnetic fields.  When this is done, 
it should be understood that the quoted numbers are really 
A./g./J  (assuming the principal axes of the A and g tensors 
afe Coparallel, as it is usually done in the absence of any 
evidence to the contrary). 

c The Resonance Condition 

The reasons that all relevant parameters have a ten- 
dency to be converted to magnetic fields is the fact that 
these parameters can often be scaled directly from an ex- 
perimental spectrum, which, after all, is a plot of ab- 
sorp' ion (or more commonly the first derivative of ab- 
BOrption) versus magnetic field.  Indeed, while knowledge 
Of the spin llamiltonian is very useful for getting at the 
physics ot the problem, ESR spectral analysis cannot pro- 
ceed nithout knowing the "resonance condition" - an ex- 
pression which gives the magnetic field at which resonance 
occurs as a 1 unction of   , g,, gg, go» A-, A^ , A3 , the 
nuclear magnetic quantum number nu, and trie polar angles ol 
the direction of the applied field with respect to the 
principal axes of the g and A tensors.  The resonance con- 
dition derives 1rom the spin Hamiltonian, but is 
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qualitatively a different thing.16-19 In certain simple 
cases the resonance condition may be derived exactly.  An 
example is the case when the spin Hamiltonian consists ol 
the Zeeman term only: 

X -«Cg (S H +S H )+gi:S H 1 
z  Mfa.  xx yy  &zz 

(2) 

16 
For this case the resonance condition is derived  to be 

H hu 
res "9)/3 

(3) 

where 
a    0   2 . 2.,1/2 

/«\ /  2   2.   sin 9) g(9)=(gii  cos 9+gj 

and 9 is the angle between the direction of the applied 
field and the symmetry axis of the g tensor. 

An exact resonance condition can also be derived when 
the spin Hamiltonian consists only of a Zeeman term and the 
symmetry is orthorhombic.  However when the hyperline inter 
action is added, perturbation theory must be applied.  To 
lirst order in perturbation theory the resonance condition 
lor orthorhombic g and hyperfir.e tensors is22 

»     nj      / A v 

"res ^ ^ " mI {WV) (4) 

where 

r   2   2a   ,   2   2    2 . 2 . . 2fll 1/2 g - [g   cos 9 ♦ (gvv cos o+g„„ sin o)sin I], 
'ZZ xx yy 

,  r   2A  2    2.    .        2.  2   2    2.  2 . 2 , . 2.,1/2, 
A- r«z/ A?z  cos 9+(gxx Axx cos ügyy Ayy sin ü)sin 91  /g , 

9 and o are the polar angles of the magnetic field direction 
with respect to the principal axes of the g and hyperline 
tensors, and m. is the nuclear magnetic quantum number. All 
Of the results to be presented in the following sections are 
well described by Eq, (4), although small but important 
improvements are sometimes obtained by appending second- 
order hyperline terms.9,16-19,23 
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1). The Powder Pattern:  The Kllect oi Angular Averaging 

U the specimen bein^ investigated were a single crys- 
tal, the angular dependence ol the resonance lines could be 
fitted by a resonance condition such as Eq. (3) or Eq. (4). 
But ii this same crystal were to be ground into a line pow- 
der, the individual crystallites would describe all possible 
orientations with the applied magnetic lield, and the var- 
ious resonance lines would be "smeared out" between certain 
limiting lield values derivable Iron the resonance condition 
The resulting absorption curve is known as a "powder pat- 
tern".  Powder patterns are easily generated on a computer 
by calculating the resonance condition lor each ol a large 
number of orientations corresponding to a unil'orm grid in 
cos 9 - o space (equal units of solid angle) and histo- 
gramming the results on a magnetic lield scale. ^ 

The powder pattern pertaining to the simple resonance 
condition ol Eq, (3) is shown in Fig. 3a.  Experimentally, 
one generally observes the lirst derivative ol absorption. 
The noisy curve in I ig. 3b is an experimental (lirst deriv- 
ative) powder spectrum lor a species characterized by a 
axial g tensor (0.^ in Na O-).2'1  The smooth curves in Fig. 
:51). including t he^mathemat ical divergences (arrows) repre- 
sent the lirst derivation ol the powder pattern ol Fig. 3a. 
The "discrepancy" in Fig. 3b is only apparent:  The way in 
which the powder pattern was determined involved the (un- 
pliysical) assumption that the "single-crystal" linewidth 
was zero.  When the computer is asked to convolute the pow- 
der pattern ol Fig. 3a with a Lorentzian single-crystal 
broadening Function of an appropriate width, a computed 
derivative spectrum can be obtained which overlays the ex- 
perimental spectrum exactly.  Thus, using the computer simu- 
lation technique as a conlirmation, the principal g values, 
g  B.i can be determined accurately Irom this powder 
spectrum. 

The question is 1'requently asked, how unique are the 
computer simulation methods?  For this there is no simple 
answer, since ever" problem is dill'erent in one aspect or 
another.  However, it has been the author's experience that. 
whenever a truly convincing computer lit is made fo a pow- 
der spectrum which has some distinctic characteristic lea- 
tures, it has involved a very critical choice ol spin 
Hamiltonian parameters--at least some ol which could not be 
varied by more than a few percent without degrading the lit. 
It nay IK' lurther remarked that the functional lorm ol t lie 
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resonance condition is strictly prescribed by theory and 
hence is not subject to capricious tampering by the experi- 
menter. Thus, trying to computer fit an experimental spec- 
trum with the wrong theory is tantamount to trying to "fit 
a square peg in a round hole".  Of course some ambiguities 
do arise, and the careful experimenter will be aware of 
these.  For instance a ferromagnetic substance with an iso- 
tropic g value and an axial magneto-crystalline anisotrom- 
would also yield a spectrum identical to that of Fig. 3.^° 
However, this possibility can be elimim'ted by obtaining 
spectra at two frequencies: For the ferromagnetic case the 
overall linewidth is frequency independent while for the 
paramagnetic case the field separation between gi. and g^^ 
varies linearly with . (see Eq, 1).  Further remarks on the 
accuracy ol computer-simulation techniques in extracting 
spin llamiltonian parameters from powder spectra are pre- 
sented in Rcf. 21, 

1'. The Difference Between a Powder and a Glass The 

Effect of Statistical Variations in Spin Hamiltonian 

Parameters 

The paragraphs immediately proceeding have described 
the angularly averaged ESR spectra which result when a sin- 
gle crystal specimen is ground to a fine powder.  When the 
sample is a glass — even a single fragment — the very 
same angular averaging will take place.  rihe difference be- 
tween a powder pattern and a "glass pattern" derives from 
certain forms of microscopic randomness which distinguish 
vitreous mater .r.ls from fine crystalline powders.  Regard- 
less ol whether one esnoui s the random network theory3 or 
the crystallite theory3 of the glassy state, it is an in- 
escapable conclusion that there must be some statistical 
variations in bond lengths, bond angles, cation distribu- 
tions, and so on.  Statistical variations in these quantities 
lead directly to statistical variations in spin Hamiltonian 
parameters of an ensemble of paramagnetic defects which are 
assumed to be randomly distributed spatially in a glass. 
This "ensemble averaging" modifies the powdtr patterns which 
derive from amular averaging alone.  Both effects can be 
simulated by c Mnputational methods, as discussed in Rei. 21 
and illustrattd by examples presented below. 
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IV. THE OBSERVED SPECTRA AND THEIR INTERPRETATIONS 

A.  Oxygen-Associated Trapped-Hole Centers 

The most commonly observed ESR snectra in irradiated 
complex oxide glasses arise from oxygen-associated trapped- 
hole centers. Pioneering studi-s of this class of delects In 
the alkali borate system have been reviewed bv Griscom 
laylor. Ware, and Bray-b and explicit evidence that these 
centers are of the trapned-hole type has been given ö'26 
It has been pointed out^/ that exact analogs of these 
'boron-oxygen hole centers" (BOHC) probably occur in the 
alkali silicate system^ ant ̂i^m^iiy other oxide glass sys- 
tems as well (see Table I).~  - As it is bevond the stated 
scope of this paper to discuss all of the known or suspected 
analogous species, tht basic structure of the oxygen-asso- 

BOHC      Ct Wil1 ^ illustratecl by " exposition of the 

Figur« 4a displays the familiar "five-line-plus-a- 
shoulder  spectrum obtained at 9 GHz for irradiated alkali 

n*rf  ^aSSeV?ntainin- ^ 25 molar Percent alkali oxide. 
Pjrti (b) and (c) of this figure demonstrate the conceptual 
steps just described in the prececding section as applied 
to the computer simulation of the BOHC spectrum.  Here it 
may be noted that a hyperfine interaction with llB(I-3/2) 
tuves rise to four ove.lapping powder patterns corresponding 
to Jhe four Vjlus« of the nuclear magnetic quantum number 
T1^ ^ ;. 1/2'"1/2'-3 2)- The byperfins powder patterns 

ot Fig. 4b are determined from Eq. (4), using the values of 
1^1' g2« g3' Ai' A2' and A^ which ultimately provided the 
best computer fit.26 it L« immediately evident that -bumps- 
due to the four absorption -edges" determined by g0 and A- 
jrü-?0!w*??aT?n? in fh(-\ experimental spectru«.  This is be- 

go values whose 
the split t ings 

cause there is a statistical distribution of 
width W is broader than, and hence obscures 
Ag (see Fig. 4c). 

Several commen 
order vis-a-vis Fig 
interferences among 
would be virtually 
Ag without performi 
out , the computer f 
meters : thus the va 
are highly accurate 
dist ribut ion of g.. 
be quite problemsti 

ts, qualifi 
.4.  It fi 
the four h 

impossible 
ng a comput 
it was extr 
lues measuj 
.26 On the 
values and 
cal were it 

cations, and cautions are in 
rst may bo noted that, due to 
yperfine powder patterns, it 
to "measure" g-, g       \   , and 
er simulation.  As it turned 
emely sensitive to these j)ara- 
ed with computer assistance 
other hand, the suggested 
t lie average value of A3 would 
not tor collateral 
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experimental evidence from frequency-dependence studies and 
from the investigation of polycrystalline compounds in the 
lithium borate system.26 Finally, the agreement between 
the experimental and computed spectra of Fig. 4a is better 
than that shown in the original publication.26  Interesting- 
ly enough, the improvement was made in the experimental 
spectrum; the computed spectrum is the very same as shown 
in Ref. 26.  The explanation, very simply stated, is that 
by irradiating at liquid nitrogen temperature and then 
bleaching with IR light some spurious underlying resonances 
were destroyed, leaving behind just tha spectrum of in- 
terest.^»25 Underlying resonances are a persistent hazard 
which can only be overcome by bleaching, annealing, differ- 
ential microwave saturation, and general circumspection on 
the part of the experimenter. 

»'.'hen glasses containing ^ 40 molar percent alkali oxide 
are irradiated and studied at 9 GHz, a "four-line" spectrum 
is observed.*" As illustrated in Fig. 5, this has been 
computer simulated on the basis of a spin Hamiltonian qual- 
itatively the same as that used to explain the "five-line- 
plus-a-shoulder" spectrum.  This indicates that, appearances 
notwithstanding, varying the composition of an alkali borate 
glass over a wide range probably does not result in any 
fundamental changes in the electronic structure of the BOHC. 

Knowledge of the spin Hamiltonian parameters g.^, gg, 
g,,, A,, A2, and A„ permit the construction of physical 
models for the BOHC.  The ways in which this analysis pro- 
ceeds are discussed in detail by Griscom, Taylor, Ware, and 
Bray,26.  The final model for the BOHC arrived at in Ref. 26 
is almost certainly incorrect however.27.36 The reasons for 
this probable error are rooted in the fact that only the 
absolute magnitudes of the hyperfine coupling constants are 
determined experimentally, while some assumptions must be 
made about the algebraic signs of these quantities when a 
model is formulated.  Adding to the difficulty is the fact 
that the exact correspondences between A^, A2, and A^ and 
A  , A  , and A  are not known a priori, leading to a 
total M  24 physically distinct solutions.    It should be 
emphasized that these problems can be surmounted.  When the 
identity of the paramagnetic defect is known or suspected, 
most of the competing possibilities can be eliminated by 
symmetry considerations26»27 or by comparisons with iso- 
electronic species that are well understood.    Unfortunate- 
ly, supporting evidence of the latter type was unavailable 
at the writing of Ref. 26.  More recently, however, a BO^" 
radical has been discovered in calcite^ and in a potassium 
borate ceramic37 and its electronic properties have been 
elucidated by the methods just mentioned.  These studies 
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have shown that it is possible for a trapped 
100'; localized in oxygen orbitals while still 
hyperiine interaction of the order of 10 G wi 
boron via the mechanism of core polarization, 
basis, SymonsJ6 suggested that the BOHC is pr 
on a non-bridging oxygen."  Griscom, Taylor, 
curred that this is a reasonable possibility 
that the model of a "hole on a bridging oxyge 
ruled out.  Subsequently, additional evidence 
existence of a bridging-oxygen type of center 
(see also Section IV H., below, "in this conte 
less, the presently avail?ble data and theore 
erations support, but do not decide between, 
for the BOHC illustrated in Figs. 6 and 7.  T 
is a summary of the basic considerations whic 
these models. 

hole to be 
undergoing a 

th an adjacent 
Jb,J7 0n this 
obably a "hole 
and Bray27 con- 
but emphasized 
n" is not 
for the actual 
was offered;^ 

st) .  Nevevthe- 
tical consid- 
the two models 
he following 
h point to 

(1)  The boron hyperfine 
small (~10 G) as to indicate i 
cated away from the boron. 

interaction is sufficiently 
hat the hole is primarily lo- 

(2) Simple consideration of the known structural pro- 
pert iesJ'D of borate glasses lead to the conclusion that 
non-bonding TT orbitals on either bridging or non-bridging 
oxygens provide the lowest energy states for a hole in a 
boron-oxygen network.  (Such a location would be consistent 
with observation No. 1.) 

(3) Since the hyperfine interaction is with a single 
boron, the model of Fig. 6 is only allowable if R and R' 
are different structures, i.e., if one is a three-coordin- 
ated boron and one is a four-coordinated boron. 

(4)  Studies of the BO," ion 36,37 indicate that in at 
least one case a hole which is loa,; localized in ff-typa 
oxygen orbitals can undergo a boron hyperfine interaction 
ol the proper order of magnitude. 

(5) 
basis of 
tions of 

The observed g values can be accounted for on the 
either of the proposed models according to rela- 
the type.^b 

and 

tree electron, 

w K free electron 

free electron 

(5a) 

(5b) 1 * £] 
1 ¥  VlcSc) i 
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where c^ and c2 are constants of the order 0.1-1 calculable 
from theory,16-19,26  x is the spin orbit coupling constant 
for the 0 ion (--0.01 eV),26 anci ^ iS the energy splitting 
(-0.2 eV)26 shown in Fig. 6.  (Similar relations involving 
A^ and ^  in place of A apply to Fig. 7). 

3 5 In view of the structural differences '  between borato 
and silicate glasses it seems possible that the BOHC may be 
a "hole on an oxygen bridging between a three-coordinated 
boron and four coordinated boron" 26,27 (Fig. 6) while the 
silicate-glass hole centers28 may be "holes on non-bridging 
oxygens" (Fig. 7).  As can be seen in Figs. 6 and 7, the 
electronic structures of these two defects would be quite 
similar.  Indeed, if there exist certain random electro- 
static "crystals fields" which determine the splitting A, 
and influence the splittings A,, A, and E, then the elec- 
tronic structures of the n  orbitals would be virtually in- 
distinguishable, notwithstanding the different numbers of 
a bonds.  Thus, the listing in Table I may represfnt both 
structural types of defects. 

In spite of the above ambiguities, the BOHC may be 
utilized as a probe of borate glass structure.  Krogh-Moe39 

lias presented considerable evidence for the probable ex- 
istence in alkali borate glasses of structural units 
characteristic of the crystalline compounds which are near- 
est, on the phase-equilibrium diagram.^0 As discussed at 
considerable length elsewhere,26,38,41 comparisons of BOHC 
spectra of lithium borate and strontium borate polycrystal- 
line compounds with those of alkali borate and alkaline- 
earth borate glasses lend strong support for Krogh-Moe's 
models.  Independent of these models, the distributions of 
g3 values indicated in Fig. 4c and Fig. 5c are dramatic 
evidence of randomness in the glass structure.  This randoir- 
ness may result from site-to-site bond angle variations^ 
(i.e., the R-O-R' angle in Fig. 6) or random "crystal fields' 
giving rise to a spread in ^ values in Fig. 7, 

B.  Dangling-Orbital-Type Trapped-Electron Centers 

Perhaps the best known example of a trapped-electron 
center in oxide glasses is the E' center4  which is common- 
ly observed in irradiated pure Si02 glass^.  However, the 
concentrations of E' centers induced by a given radiation 
dose at room temperature are found to fall off rapidly with 
the degree of doping with alkalis.43  In general, complex 
oxide glasses irradiated near 300oK exhibit ESR spectra due 
to trapped hole centers (see above) with little or no evi- 
dence ot spectra due to trapped electrons.  This brings up 
t lie questions of where the trapped electrons are residing 
and why they are not detected in complex glasses.  Answers 
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lo these questions have been found only recently8,23 by 
x-irradiating alkali borate glasses in situ at cryogenic 
temperatures (25 or 770K) in the dark.  One ol the trapped- 
electron centers observed following this treatment has been 
the boron electron center of "BEC".23  It will be seen that 
this is the Borate analog of the E' center. 

Figur« 8 shows the BEC spectra as they appear in rela- 
tion to the stronger, centrally-located BOHC spectra.  The 
dependences of both resonances on boron isotope can be 
noted.  The BEC spectra can be destroyed completely by 
warming to room temperature or by exposure to visible light, 
while the BOHC spectra are reduced in intensity by only 
50-7(y; .25 

As in the case of the BOHC, the BEC spectrum could only 
be analyzed by assuming a statistical distribution of spin 
Hamiltonian parameters.  While for the former case it was 
go which was distributed, for the BEC it turns out to be 
llie Isotropie part of the hyperfine tensor, i.e.. A- o = 

2A. )/3.  The effect of a rather broad, bell-shaped 
values is illustrated diagrammatically 

(A 
distribution of A. iso 
in Fig. 9.  To test this hypothesis and to provide accurate 
measurements of other spin Hamiltonian parameters, mutually 
consistent computer simulations were carried out for the 
BEC spectrum in both ÜB- and 10B-enriched samples using 
Eq. (4) (plus second order hyperfine terms.)23  The results 
which are shown in Figs. 10 and 11 confirm the model and 
demonstrate the power of both the isotopic-substitution and 
computer simulation techniques. 

Once again, accurate determinations of spin Hamiltonian 
parameters permit the formulation of a detailed model for 
the paramagnetic defect in Question.  The measured parame- 
ters are given in Table II.23  The fact that ■'giSo> is 
smaller than the free-electron g value (g - 2.0023) is an 
indication that the BEC is indeed an electron-type center; 
more substantial evidence for this conclusion is given in 
Ref. 23.  If one makes the (ultimately justifiable) as- 
sumpt ion that the wavefunction i^jof the trapped electron has 
axial symmetry, it follows from elementary theory26''14 that 

I( tl2s M  = (A + 2A1)/3A< A.  /A 
ISO  s 

(6 

and 

W2p) (A - A )/3A^ 
I    P amso 

/A (7) 
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where ! (i^s)!2 and l(Cl2p>|2 are the densities of the un- 
paired electron in boron 2s and 2p atomic orbitals, re- 
spectively.  Here, A, and A are the s-state and p-state 
coupling constants i'Br atomic boron as determined from 
theory or gas phase spectroscopy.  Values for these param- 
eters found in the literature^** >34'44 vary by as much as 
25', ;   one set which falls approximately in the middle of the 
range is44 

A (atomic 
11 B) 

and 

A  (atomic 
P 

11 B) 

835 G 

19.6 G 

Usint; these numbers in Eqs. (6) and (7) along witli the 
appropriate quantities from Table II, one calculates 

2 

and 

(u|2sB)r =  0.13 

0 <t(^|2pB>|
a -  0.51 

Thus it is seen thai the unpaired electron of the BEC is 
considerably more localized on a boron nucleus than is the 
unpaired spin of the BOHC (Table I).  Any model for the 
DEC is constrained to reflect this localization. 

One suitable model is the dangling-orbital-type defect , 
e.g., the £' center.4'42  Another possibility is an electron 
t rappee 
of the 
ol a 
that the BEC is most likely an electron trapped in a dand- 
ling boron orbital at the site of an oxygen vacancy.  While 
this type of wave-function is conventionally thought to be 
nonbonding, the possibility of its involvement in a weak 
three-electron bond with an alkali ion has not been cx- 

)ed in a boron-oxygen antibonding orbital in the manner 
ic substitutional boron defect in BeO.    On the basis 
number of considerations   the Author has concluded 

cluded. 23 

If the oxygen vacancy should be at the site of 
which had been four-coordinated, the steric picture 
BEC would be the same as that for the E' center4»42 

certain oxygen-vacancy centers in phosphates,4^ i.e 
shown in Fig. 12. It is noteworthy that the energy 
defines the closest lying excited states, is of the 
3-4 eV. Thus 
to X/E (Eqs. 5) 

a boron 
of the 
and 
, that 
E, which 
order oJ 

the g shift, which is generally proportional 
is expected to be small and this is whai is 

observed (Table II).  If the oxygen vacancy should be at the 
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site Of a boron which had been three-coordinated. a similar 
energy level scheme would result, except there would be one 
less B-0 bond and the symmetry of the delect structure 
would be C2Y with the dandling orbital lying along the 
symmetry axis. 

The BEC. like the BOHC. serves as a novel probe ol 
borate glass structure.  A dramatic illustration ol this 
lact is provided by Fig. 13, which shows that (Aiso  01 
the BEC is sensitive both to the type and to the quantity 
of alkali present.  The former sensitivity supports the 
suggestion that an alkali ion may be bonding to the delect 
boron, although other explanitions23 are equally plausablc^ 
However, the interpretation of the sharp drop in (A*TO) oe 
tween 15 and 25 molar ', alkali oxide seems less ambiguous. 
While this behavior does not appear to correlate with either 
the "boric-oxide anomalv"3 or the fraction of borons in 
four-coordination5, it corresponds nicely with the change- 
over from pentaborate groups to triborate groups postulated 
bv Krogh-Moe39 to take place in this composition range. 
The Author has hvpothesi/.ed23 that the BEC is an oxygen 
vacancy on the periphery of an otherwise intact boron-oxygen 
rinu structure (e.g., a pentaborate group or a triborate 
group), with the electron trapped in the dangling boron 
orbital at the vacancy site.  The relative P^P0**4ion? .0* 
boron ?■ and 2p states in the defect wavefunction would then 
be dependent on the coordination number and bond angles at 
the apex boron.  The ensemble distribution ol those bond 
angles would be responsible for the observed distribution of 
Aiso values (Table II a d Pig. 9). 

C.  Alkali-Associated Trappcd-Electron Centers 

JEC population is compared with the BOHC pog- 
;rical integration techniques, it is found- 

When the BEC 
ulation by numeric« 
that the BEC can account lor only 15'10', of the trapped 
electrons in the temperature range 2ü-10üoK and none ol the 
trapped electrons at room temperature.  At temperatures 
< 770K it now appears that the majority il not all. ol me 
remaining electrons are trapped on alkalis or alkali 
"clusters" in sodium and potassium borate glasses.   II can 
be induced that similar trapping sites are •"•f**™ *" . 
other alkali and alkaline-earth borate or silicate glasses. 

The lundamental ESR evidence of alkali-associated 
trapped-electron centers is illustrated in Fig. 14   ler^ 
are displayed the X-band ESR spectra for some alkali boiaU. 
glasses containing 30 molar % alkali oxide.  At this com- 
position the BEC spectrum is relatively weak compared with 
all other principal spectral features.  Curve No. ! 
14 pertains to a 1()B-enriched potassn .urn borate glass which 
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was  "annealed"  at  room  temperature  alter   irradiation at 
770K.     Curve  No.   2  shows   the   high-iield  "edRe"   of   this  same 
spectrum as obtained at  25X  gain.       Curve  No.  3  shows   the 
high-field "edge"   for  the  same  glass  at  25X gain before 
annealing.     The  general  shape  and  position of  curve   No.   3 
was   found  to  be  relatively   insensitive   to  boron   isotopic 
substitution.     However,   a   glass  containing  sodium  oxide   in 
place  of   potassium oxide  exhibited  curve  No.   4,  when  ex- 
amined  at   80X  relative  gain. 

The  positions of  the  "edges"  defined by curves Nos. 
3   and  4  of  Fig.   14  are  displaced  from  the  free electron  g 
value,   g   ,   by  amounts virtually  equal  to  1/2  of   the   pub- 
lished values18  for  the  atomic  s-state  hyperfine  coupling 
constants  for  potassium  and  sodium,   respectively.     This   fact 
suggests  that   these  "edges"   and  their   low-field  counterparts 
arise   from a  class  of  defects   involving  unpaired  electronic 
spins   localized   in  potassium  and  sodium  s-state  atomic 
orbit als. 

The  suitability  of   this   hypothesis   has  been  tested  by 
computer  simulation'techniques.8     Figure   15  shows  several 
attempts  to  computer  fit   the   high-field  "edge"  observed   in 
the   potassium borate  glass.     Due   to   the  overlapping   low- 
field  "tail"   of   the  central   BOHC   resonance,   the  simulations 
are   not  expected  to  fit   in  the   low-field  region,   although  a 
"successful"   simulation   is  required   to   lall   inside   ol   the 
experimental  envelope.     The   computed spectrum  lor   the   di- 
potassium molecular   ion   (K^)   tails  on   the   latter  count,   in 
addition  to  providing  a   poor   fit   to  the   high  field  "edge". 
(In  carrying out   each of   the  simulations,   the  g values, 
"single-crystal"   linewidths,   and  distribution ol   A.        valuos 
were   ".juggled"   in  an effort   to  optimize   the   lit.)     It   can  be 
seen   that   the  four-potassium complex   (K^+)  with  7Cf,   ol   the 
unpaired  spin  density  equally   distributed   in   the   four   atomic 
4s  orbitals  appears   to  provide   the   best   lit.   with  a   value  of 
(«i 

,) The latter inequality is in agreement with 
expectation for centers of the trapped-electron type 

Figure 16 illustrates a computer fit of the broad spec- 
trum in a high-sodium glass, assuming lQf'<   of the spin den- 
sity is distributed equally among 6 sodium 3s orbitals. An 
improved lit probably could have been obtained by admixing 
smaller contributions due to complexes ol lewer sodium ions 
along with a small BEC contribution.  Again, the average g 
shift is negative.  (The fact that the computed derivative 
curve crosses the baseline to the low iield side ol go is 
due to second order hyperfine el f ects) . y > 17"iy-^ 
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The reader may justiliably question the siM;nil icance 
ol assuming that "70%" Of the trapped electron is located 
in alkali s-state orbitals.  The reasoning behind this ad- 
mittedly arbitrary choice is, iirst, that the true value 
should be < lOCfi,   since some fraction ol the density is 
probably in alkali p-states or elsewhere and, second, that 
a number < 50r;,' seems physically improbable and, at any rate, 
leads to poor computer fits.^  As discussed in Rel. 8, the 
numbers of alkalis estimated to be involved in the alkali- 
associated electron centers ol Ki^s. I'o  and 16 are pro- 
portional to the square ol the fractional spin density 
assumed to be in alkali s-states.  Thus, if one believes 
lüty,; of the spin density to reside in these states, the best 
tits of PlgS. 15 and 16 would correspond to B potassiums 
and 12 sodiums, respectively, instead ot 4 and 6. 

Numerical  integrations of the bo 
15 and 16 were carried out and compare 
intensities of the "central" resonance 
the long-dashed curves of these figure 
sities which are ~ 1/3 and ~ 2/3 as gr 
"central' resonances.  Thus, at least 
case, the majority of the trapped elec 
been accounted for.  The Author has ar 
maining trapped electrons in these gla 
those in lithium borate glasses) give 
underlie the central BOIIC spectnun or 
in pairs and hence give no resonances 

st-lit curves of Figs, 
d with t lie integrated 
s.  It was found that 
s represent inten- 
eat as the respective 
in the sodium borate 
Irons at 770K have 
gued^ that the re- 
sses (and most of 
resonances which 
else they are trapped 
at all. 

The structural information to be derived from ESR 
studies of alkali associated centers relates to the apparent 
"clustering" of the alkali ions.  While considerable work 
remains to be done to elucidate this effect, the present 
evidence0 suggests that "cluster" si/.es are influenced by 
radiation exposure and subsequent thermal and bleaching 
histories.  The lower activation energy for diffusion of 
the smaller lithium ions is probably responsible for the 
present inability to observed lithium-associated centers by 
ESR means.  Although optical studies are outside the scope 
Of this review, it is noted that the familiar radiation in- 
duced band46»4' in the range 1.5 - 2.4 eV appears8 to be 
due to alkali-associated trapped-electron centers whose ESR 
spectra can be observed. 

D.  Interstitial-Proton Trapped-Electron Centers 

Virtually all oxide glasses that have not been de- 
liberately prepared "water free" contain varying amounts of 
011 groups and interstitial protons.  When these glasses are 
irradiated at cryogenic temperatures, an almost inevitible 

130 

MM 



result is the formation 
by electron trapping at 
Jine doublets, split by 
Fii,'s. 10, 11 and 16. A 
detect in fused silica 
be emphasized here is t 
plays a minor role in t 
For example, the integr 
hydrogen doublet in Fig 
than the intensity of t 

of some paramagnetic atomic hydrogen 
the protons.  The consequent iiyper- 
~500 G, are in clear evidence in 
discussion of the atomic-hydrogen 

has been given.48 The only point to 
hat this type of defect generally 
he overall electron trapping scheme. 
ated intensity represented by the 
. 16 is roighly 104 times smaller 
he sodium-associated centers. 

E.  Interstitial-Anion Trapped-Hole Centers 

As discussed by Weeks _, there is no substantive ESH 
evidence for interstitial 0  -typo defects in alkali borate 
or silicate glasses.  Indeed, there is no reason to expect 
the existence of significant numbers of interstitial oxygen 
ions in glasses containing '50 molar '',   alkali oxide.  How- 
ever, when alkali borate glasses are prepared with alkali 
halide additions, there is ample evidence that the halide 
ions take up interstitial positions.9"13 When these halide- 
loaded glasses_are irradiated at room temperature, si/.eable 
numbers of hal „ molecular ions are produced, suggesting 
the react ionsJ 

and 

. , - hi, ,o 
hal   -hal  * e 

hal  + hal" • hal' 

(8) 

(9) 

The second process would depend on thermally activated 
diffusion of the radiation produced hal0 to the site of 
another hal .  Griscom and Pattenl3 have carried out in 
situ irradiations near 20oK 
these kinetic effects. 

with the object of studying 

Following irradiation by 50 keV x-rays at 220K, X-band 
HSR spectra of high complexity were noted for glasses con- 
taining chloride, bromide, and iodide.  Parts of these 
spectra, along with the relatively simpler spectra observed 
in some fluoride-containing and halide-free glasses, were 
explainable as superpositions of the now familiar BQHC and 
HFC spectra.  Other portions of the spectra were due to 

♦The situation is quite different for glasses containing 
lead.  There is ample evidence of radiation induced 0~-type 
centers in lead borate, boro-silicate, silicate, and ger- 
manale glasses containing j 35 molar ',' PbO.49 
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Cl 2' Br 
2 

or !„ molecular ions:  the latter components grew 
in intensity as the samples were warmed1^ to 200oK and were 
easily identifiable on the basis of considerations which 
will be described in Sub-Section P., below. 

The chloride and bromide glasses additionally exhibited 
other distinctive spectral features which were interpreted!- 
as arising from Cl0 and Br , respectively, 
these identifications were: 

interprete< 
The bases for 

(1)  Each spectrum appeared to comprise a hyperline 
isif 

• pc! 
quartet consistent with a nuclear spin of 3/2, as for the 
major isotopes of chlorine and bromine. 

(2) The splittings of these quartets were very nearly 
equal to the values of A. predicted on the basis of pub- 
lished atomic anisotropic hyperfine coupling constants  '34 

lor the halogens present in the respective samples. 

(3) Additional small splittings were observed in each 
case which were consistent with the known relative abun- 
dances and nuclear-magnetic moments of the appropriate 
halogen isotopes. 

13 (4) Isochronal annealing experiments * show that the 
paramagnetic species in question are indeed precurso rs of 
the dihalogen molecular ions observed at higher temperatures 
as predicted by Eqs, (8) and (9). 

(5) Successful computer simulations of the chlorine 
and brpmine spectra were carried out, utilizing the g-value 
theory0  developed for the isoelectronic 0  ion along with 
published values of the spin-orbit coupling constants19 

lor chlorine and bromine. 

0 

The ESR spectrum observed 
of the chloride-containing glas 
17a; some distinctive spectral 
marily to the BOHC, the BEC, H 
dicated. Figure 17b is a compu 
contribution. Figure 18 presen 
the bromide-containing glass 
is indicated by the dashed curv 
ture observed near 4100 G in bo 
simulated spectra is an isotope 
ian parameters used in tarrying 
listed in Table III. 

imme 
s at 
feat 
, Cl 
ter 
ts t 
Here 
e ; t 
th t 
eff 
out 

diately after irradiation 
220K is shown in Fig. 

ures which are due pri- o and Cl  have been in- o ' o simulation of   the  Cl 
he  analogous results   lor 
,   the  computer  simulation 
he  "double-bump''   st ruc- 
he  experimental  and 
ect.     The  spin  llamilton- 

these  simulations  are 

The   computer  simulations  of   Figs.   17  and   18  are   par- 
ticularly   useful   in   Llluatrating  some  of   the  concepts which 
have   been   presented   m   the   proceeding  Sub-Sections.     If   one 
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considers the case ol the chlorine atom, the highest occu- 
pied energy levels correspond to the 3p orbitals indicated 
in Fig. 19a.  II the atom were in tree space, these levels 
would be degenerate.  However, the Jahn-Teller Theorem 
provides assurance that the same atom when placed in a 
solid matrix will experience unsymmetric crystal fields 
such that the orbital containing the unpaired spin will be 
split upward from the other two.  Tbus, it is an a priori 
expectation that there will be some splitting A (which need 
not be large), although the exact mechanism of the inter- 
action must be inferred from the experimental details.  As 
discussed in Section HIE., there is also an a priori ex- 
pectation that when the solid matrix is a glass there will 
be an ensemble distribution of A values  such as the 
üaussian curve of Fig. 19b, rather thai: a single well-de- 
lined splitting.  Since Cl0 is iso-electronic with 0 . one 
may adapt the g value theory51 for the latter; this is 
^.iven to a first order approximation in Fig. 19c.  (It can 
be noted that the form of these equations is essentially 
the same as Eqs. 5.)  It is immediately clear that the 
symmetrical distribution of A values of Fig. 19b leads to 
the skewed distribution of g values shown in Fig. 19d.  The 
computer simulation of Fig. 17 was performed by computing a 
separate spectrum for each point in Fig. 19d and then 
summing them according to the indicated weighting factors. 

Once again, the question of uniqueness arises.  It is 
not possible to fit any soectrum with an arbitrary theory 
by distributing enough parameters?  The answer is, no, this 
does not follow.  To see why, one must focus his attention 
on the constraints of the problem as well as the freedoms. 
Here, the Author has constrained himself to use (i) a 
Gaussian distribution of A values, (ii) a simple, but un- 
bending, theory (Fig. 19c), (ill) the correct value of h 
tor the appropriate species, (iv) hyperfine coupling con- 
stants in ranges not precluded by published data, and (v) 
the same assumptions in computing both the Cl and Br» 
spectra.  Moreover, it was found that the high-field fea- 
tures of these spectra were, at any rate, completely in- 
sensitive to the g value distribution.  (Conversely, the 
"choppiness" on the low-field side of the computed spectra 
results from the finite number of points in the g^ distri- 
bution.)  Finally, the "most probable" g values for the two 
atomic species were found to be related according to 

(g.(Cl0))  - g  (Cl0) « V(C10) 

(g.(Br0)) - g'(Br0)   x(Br0) 
(10) 
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This indicates that the average value ol A is apparently 
the same (~1.2 eV) in both cases, BUggeatlng that the glassy 
matrix is the "common denominator". 

Although halide ions are not present in significant 
numbers in most oxide glasses, it is of value to consider 
the structural information to be inferred from the above 
results.  The splitting A could arise from an electrostatic- 
interaction with two or more positive ions, e.g., alkalis, 
noncollinearly arranged in t lie x-y plane (refer to Fi^.. 19a) 
or from a weak, three-electron covalent bond directed along 
the z axis.12  Symons52 favors the latter hypothesis, and 
has suggested that the weak bond may be with an oxygen.  In 
this case, one may visualize delects of the type 

Hal 
o 

R    R. 

where R would be a borate tetrahedron or triangle. 

F.  Interstitial Di-llalogen-Molecular-Ion Trapped- 
Hold Centers 

The di-halogen molecular ion, or halg, is the end pro- 
duct of the reactions specified_by Eqs. (8) and (9).  It is 
interesting to note that the Clg hole-type defects are 
highly stable at room temperature, while the analogous 
"V-type" centers in alkali halides are not.J This is pro- 
bably because the glasses contain some very deep electron 
traps.13  It seems very likely that the glass-bound Cl2 is 
a true interstitial: the optical and spin Hamiltonian 
parameters indicate11 that Cl" in borate glasses is closer 
to the "free" molecular ■pecifl than cither the V. center 
or the H center in KC1.  However, hal,, in the glasses are 
constrained not to rotate even up to HOOOK.11  The reasons 
for this are not clear. 

Figures 20 and 21 show, respectively, the X-band and 
Ka-band spectra of ClZ centers in /-irradiated alkali borate 
glasses   Parts (a) ox these tigures are the experimental 
spectra and parts (b) are computer simulations based on 1 he 
sot ol spin Hamiltonian parameters listed in Ref. 9.  The 
ability to obtain good computer tits at two widely separated 
frequencies adds a further dimension of confidence to the 
spin-llami Itonian analysis which was carried out.' 
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transit ion 

away from the tree electron value 
lergy E designates the principal UV 
7 eV. ^ Although these parameters 

The electronic structure oi the halg delect is illus- 
trated in Fig. 22.  The splittings A, and ^ in this figure 
determine the shift of gj^ '  ' 

1" while the ener{ 
at ~ 3.7 eV.-1-1 Although these parameters do not 

appear to be terribly sensitive to the glass structure, the 
present understanding of this defect permits its use as a 
probe lor studying the kinetics of electron and hole trapping 
in alkali borate glasses by tracing the relative populations 
oi various deiectiJypes as functions of post-irradiation 
thermal treatmei 

!Cti5: 
'ntiJ 

09 and Other Peroxy Radicals 

42 
Weeks  has discussed the possibility of observing 02 

or other peroxy radicals (R02.) in irradiat«d oxide glasses 
and has suggested that a familiar structureless, anisotropic 
resonance with g m  2.04 and glij2.002 observed in irradiated 
silicate'*»^ and borate5"* glasses may be due to this source. 
However, this hypothesis has not been confirmed. 

An ESR spectrum which definitely arises irom a peroxy 
radical had been obtained from certain alkali peroxyborate 
preparations which were partially amorphized in the course 
oi a solid-state reaction which can Ke made to take place 
below the melting point of the mateiial.2^»^4,55 This is the 
so called "Z resonance"24,54,55 Which has be^n attributed to 
either interstitial 00 or the radical 

IB 
0--0. 

Up until very recently, resonances ol this particular type 
had not been unambiguously detected in alkali borate glasses 
quenched from a melt. 

The Author   has studied 
nominal composition 70f(' Na20 
similar to that described by Kline 
studies5»5^ that all of the borons 
position are three coordinated.  A 

a quenched glass having the 
3Cfl   ^o^T prepared in a manner 

57  It is known irom N'MR 
in glasses of this corn- 
indicated in Fig. 23,   a 
in the as-quenched glass 

..24 

strong "Z resonance" was observed" 
this was not enhanced by x irradiation at 77UK.  These 
findings are consistent with either of the proposed models' 
54,55 ior the "Z resonance" and represent the first confirmed 
observation of a peroxy-type center in a quenched oxide glass 
However, this species may not be a common radiat ion-induced 
delect in oxide glasses as previously suggested.42 
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The  broad,   low-iield  "humps"   in  Fig.   23 result   Irom  a 
broad  distribution ol   gn   values.24,54,55    This   is  in  con- 
trast   to  the  case  ol  (X,  in  polycrystalline  ^n^r^,  where     24 
discrete  values  of   g,   and  gi   are  represented fsee  Fig.3). 
Computer  simulations which  corroborate   the   postulated  dis- 
tributions   have  been carred  out^'58  within_the  constraints 
ol   the  g-value   theory  developed0,3  J'or   the  CC  ion.     The 
physical  reason  lor   these^distributions  could be related   to 

case,   or  to  random in2ih^202 random coordination by Wa  ions 
H-0-0 bond angles in the RO. case 

2 
The electronic structure of the 02 molecular ion differs 

Irom that of the hal" (Fig. 22) in that there are two fewer 
electrons in the valence orbitals.  Thus, 09  could be des- 
cribed by Fig. 22 by removing the two uppe 
leaving the unpaired spin in the highest lying 
say, the IT  

AB
.  Peroxyradicals RO^ would differ only m  h 

the tr "AB"X orbital would be involvad in the 

uppermost eiec t rons , 
st lying TT0 orbital. 

It is-'the splitting between the tr 
Which is critical in determ.ning the 

ti and  n 
l  sliifts 

ond with R 
)rbitals 

Paramagnetic Oxide-Glass Defect Centers Which Havo 
Not Been Observed In the Alkali Borate System 

As mentioned above, interstitial 0  ions have not been 
detected in alkali borate glasses although they have been 
observed in glasses of high lead content.    Interstitial 
0" ions have also been suggested42 as possible defects in 
oxide glasses, but they have not y^t bgeu^detected outside 
ol tiie "amorphized" peroxyborates .  'o4 'o5 An example of a 
defect which is probably without any berate analog is the 
P« doublet observed by Weeks and Bray40 in irradiated phos- 
pfiate glasses.  On the basis ot comparisons with a sequence 
ol isoelectronic tetraliedral radicals, Symons60 has attri- 
buted the P9 doublet to structures comparable to PO4 .  As 
discussed by the Author,2'' there is no reason to suspect 
t lie existence of structures comparable to the pseudoiso- 
electronic species BO;?" in borate glasses. 

One defect worthy of special mention in the present 
+ context is the H^, center described by Mackey and coworkers 

in irradiated, reduced sodium silicate glasses 
lor this center. 

Their 

61 

mode 1 

\ 
SI Si— 
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is exactly analogous to one of the models (Fig. 6) proposed 
lor the BOHC, i.e., 

0 

B 
/  \ 

B~ 

As emphasized in the present paper, the existence of these 
kinds of analogs in various oxide glass systems appoars to 
be the rule rather than the exception. 

What is particularly useful about the H4 center is that 
it provides a piece of complementary information, namely, 
the spin density on the bridging species.  This is because 
the abundant "H  nucleus has a nuclear moment—and hence a 
hyperfine interaction — vhile •'■"0 
An   36G (-gr. in Fig. 6) and A 
et al^ and äisuming that k\   and A^   have different algebraic 
signs, one calculates by means of Eqs. (6) and (7) 

does not.  Using the values 
j^ i, 2G given by Mackey 

and 

l(j2sNM 

'(tl2pN) 

w 0.02 

0.74 

assuming values of A  and Ap for 14, .18 'N tabulated by Ayscough, 
These results clearly show that the hole is highly localized 
on the bridge, while the high p-state-to-s-state ratio (-37; 
underscores the rr-like nature of this defect.  (Recall that 
the iT-orbital nature of the BOHC was inferred from less 
direct evidence.) 

The H. center bears another crucial similarity to t lie 4 BOHC, that is the broad distribution of g^ values (Fig.4), 
attributable to variations in the bond angle at the bridging 
oxygen^O or nitrogen^! sites.  On the other hand, g, % g2 
lor the H. center, •'■ in contrast with the case for The 
BOHC (Table I).  Assuming the BOHC is indeed described by 
Fig. 6 (rather than Fig. 7), this difference can be explained 
as follows:  in Fig. 6, the hole is bound to its site in the 
glass network by the electrostatic attraction of a (nega- 
tively charged) four-coordinated boron, at say, R.  This may 
cause one principal axis of the g tensor to lie close to the 
O-R bond and, as described in Ref, 26, would lead to a value 
ol g,.   g, .  In the case of the H. center, the hole is bound 
to the nitrogen site by virtue of the lower nuclear charge 
of the nitrogen vis-a-vis oxygen.  Thus, since R and R' 
would be identical silicons, the symmetry of the structure 
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dictates that the principal axes of the g tensor would bo 
the x, y. and t  axes in Pig. 6, with the consequence that 
ir    tr  b 1 
«2  ^1 

SUMMARY 

I 
radia 
have 
means 
t rom 
re pea 
Hamil 
the hr 

teclin 
empha 
tfaine 

t can now be stated that all of the generic types of 
tion-induced defects in the more common oxide glasses 
probablv been identified and characterized by ESR 

Most of these have been illustrated by examples 
the alkali borate system: Noteworthy have been the 
ted instances of statistical distributions ol spin 
tonian parameters, stemming from the random nature ol 
lassy state.  The importance of computer simulation 
inues in elucidating tnese results cannot be over- 
sized.  Examples of useful structural information 
d from these ESR studies have- been given. 

I • 
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TABLi-: I.  Spin Hamiltonian parameters for oxygen associated 
hole-type centers in a variety of oxide glasses^' 

Material      nucleus «1 S2 
a 

^3 
<ANb 

A 
s 

ref 

horate glass     B 2 002 2. 010 2.035 0.013 26 

29 
silicate glass   Si 2 .003 2 009 2.019 0.010 28 

47 49 
titan; te glass '  Ti 2 .003 2 010 2.022 d 29 

73 
t;ermanate glass  Ge 2 .002 2 .O^S 2.051 d 3 0 

31 
phosphate glass " P 2 .010C a 0.009 31 

27 
aluminate glass ' Al 2 .009° a 0.005 32 

93 
niobale glass    Nb 2 .01° a 0.002 33 

aEach of the glass spectra is evidently characterized by a 
distribution of g„ values, accounting for the observed lov- 
field shoulders, 0The "average" g^ value for borate glasses 
was determined by computer simulation (Ref. 26); this 
method has not yet been applied to the other glasses listed. 

b(A> - (average measured hyperfine splitting) ^1/3 Tr |A{. 
Values for A , the atomic Fermi contact coupling, were 
taken directly, or extrapolated, from the calculations of 
liurd and Coodin (Ref. 34). 

1 For phosphate, aluminate, and niobole glasses, the only 
available g value is that for the centroid of the hyperfine 
multiplet structure; this should correspond approximately 
to the values of g2 listed for the othei centers. 

i 47 49 
Hvperline structure due to  Ti (8f; abur Ult),  Ti (5.5'. 
abundant), or 73Ge (8'; abundant), if pre^nt, may be 
obscured by superhyperfine structure or other effects. 
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TABLE  II.   Spin Hamiltonian parameters  for   the  boron electron 
center   (BEC).23 

Parameter andr 
Measured Value* Definition 

<Alto(Ul))  -   103±2  G 

Miso(11B)     -   34±4  G 

(A (11B)>   <   10 G 

(aiso)  -  2.001810.0009 

^niso)  *  0-0013 

Average value of A 
ISO 

Half width of gaussian 
distribution of A.   values 

ISO 

Average value of A 

Average value of g 

Average value of g 

amso 

ISO 

amso 

All measurements pertain to a glass of composition 17.7r; 
KgG - 82.3% B203.  (A. i^B))   is sensitive to glass 
composition (See, Fig.s?3). 
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TABLE III. Spin Hamiltonian parameters for Cl and Br 
isolated at 220K in x-irradiated potassium 
halide-potassium borate glasses. 

Isotope   g 

35 Cl 

ix
b    A^G)  \1iG)c    ÄHp_p(G)

d xCcm"1)6 

1.997   2.063   122 61 11.5 440 

81 Br 1.909  2.26    485   229 34.5    1842 

Not corrected for el feet of nuclear quadrupole interaction. 

^"Most probable" value, given the assumed value of A^. 

cThese values do not constitute "measurements"; they were, 
however, used in carrying out the computer simulations of 
Figs. 17 and 18. 

Peak-to-peak derivative linewidths of the Lorentzian 
convolution functions used in computing the spectra of 
Figs. 17 and 18. 

e^. Given in Ref. 19 (p. 180). 
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SCHEMATIC  OF   AN  OXIDE   GLASS 

(a) Before Irradiation (b) After Irradiation 

INTERSITIAL 
CATION 

NON-BRIDGING 
0*^    OXYGEN 
(-) 

ELECTRON 
TRAPPED ON 
RA-0 BOND 

rHOLE TRAPPED ON 
\ NON-BRIDGING OXYGEN 

^0     \ BRIDGING 
NO   n00^ 

^RPH 

HOLE TRAPPED 
,  ON BRIDGING 

0       \     V~V        OXYGEN 
NEAR  Rc 

;M+) oxv)s    i   ^+) 0 
^B 

y 

I 
.R   -- 

0   -^ 

XB 

0 
i 

OXYGEN 
" VACANCY 

0^Nn      0 1 cvv 
I 

RBH 

ELECTRON 
TRAPPED AT 

OXYGEN VACANCY 

R»RA»RBB Network Formers ■ Si,B,P,Ge,AI,... 
Cs Network Modifier = Li,Na,K,Rb,Cs,Ca,Mg,Sr,... 

Fig. 1 - Schematic diagram of an oxide glass showing several types of radiation- 
induced paramagnetic centers in their relationships with pre-existing defects 
such as an oxygen vacancy, a non-bridging oxygen, and suhstitutional impurities. 
Dashed '•baloons" enclose regions of high probability density for the trapped 
electrons (e) or trapped holes (h). This figure illustrates the locally charge- 
compensated nature of the trapped species. It should be noted, however, that the 
individual trapped holes and el ec trons are assumed to be much more distant 
from one another than shown here. 
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PREPARE SAMPLE        ß 

I 

OBTAIN PRE IRRADIATION 
SPECTRUM (IMPURITIES'). 

I 
IRRADIATE SAMPLE. 

CHECK COMPOSITION AND 
PURITY BY OTHER ANALYSES. 

I 
ANTICIPATE POSSIBLE 

HYPERFINE INTERACTIONS. 

OBSERVE INDUCED ESR SPECTRA. COMPARE 
WITH PRE IRRADIATION AND WITH PREDICTION. 

I 
FORM OPERATING HYPOTHESIS:  MOST 

PROBABLE IDENTITY OF INDUCED DEFECTS. 

I 
INFER PROPER TERMS 

IN RELEVANT SPIN 
HAMILTONIAN. 

I 
TEST ASSUMED SPIN 

HAMILTONIAN BY 
COMPUTER SIMULATION 

TECHNIQUES. 

I 

I 
PREDICT EFFECTS OF 

COMPOSITIONAL AND/OR 
ISOTOPIC VARIATIONS. 

I 
TEST PREDICTED 

coMPosmor AL AND/OR 
ISOTOPICSUBöTITUTION 

EFFECTS. 

I 
IF TESTS UNSUCCESSFUL, ALTER OPERATING HYPOTHESIS. 
IF TESTS SUCCESSFUL, DEVELOP PHYSICAL THEORY OF 

NEW DEFECT CENTER. 

I 
DRAW STRUCTURAL INFERENCES, DEVELOP GLASSES 

WITH IMPROVED PERFORMANCE IN RADIATION ENVIRONMENTS. 

Fig. 2 - "Flow diagram" illustrating a typical approach to the 
study of radiation damage and structure in glassy materials by 
means of electron spin resonance techniques. 
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Fig. 3 - ESR "powder pattern" for a paramagnetic center characterized 
by an axially symmetric g tensor and no hyperfine interactions, (a) Ab- 
sorption line shape assuming zero single-crystal line-width, (b) First 
derivative of (a). Noisy curve is an experimental first-derivative spec- 
trum for a sample having a finite single-crystal width. 

4 
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^    \   / 

T 

^2 ^l 

2.04       2.02 

g Value 
200 1.98 

Fig. 4 - An analysis of the X-band (9 GHz) ESR spectrum of the boron- 
oxygen hole center (BOHC) in irradiated alkali borate glasses. The un- 
broken curve in (a) is the experimental spectrum for a 20% KgO-SO^ 
B203 p,lass x-irradiated at 77°K and bleached with IR light. The dashed 
curve in (a) is a computer simulation 26 based on the powder patterns 
shown in (b) and the distribution of g values shown in (c). Because the 
width W of the g3 distribution, expressed in units of magnetic field, is 
greater than the hyperfine coupling constant A3. no hyperfine structure 
is discernable on the low-field shoulder in (a).' 
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3.15 3.20 3.25 
Magnetic Field  (kGauss) 

3.30 

2.06 2.C4        2.02 
g Value 

2.00 

Fig. 5 - X-band ESR spectrum of a 50% L^O-SO^ B2O3 glass, y - 
irradiated at 770K. (a; i-Jxperimental spectrum, (b) Computed spec- 

(c) Distribution of g values used in carrying out the simu - trum26 

lation. 

150 
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i 

AB 

T—H-1TW 

Fig. 8 - Schematic of a bridging-oxygen trapped-hole center. Left: 
steric picture. Right: electronic energy levels. As indicated, the 
unpaired spin would be in the non-bonding 7T7 orbital. 
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AB 

T 
A. 

A2 41 
H «rjNB 

^-^ 
B 

Fig. 7 - Schematic ot a non-brldg(ng-oxygen trappcd-hole center. 
Left; steric picture. Right: electronic energy levels. The mecha- 
nism responsible for the splitting   ^2 is not known. 
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11B SPECTRUM 

■.--^f«.«' 

,0B SPECTRUM 

 l—"V 

 'I.- 

3000 3100 3200 
MAGNETIC 

3300 
FIELD (GAUSS) 

3400 3500 

KoO-82.3% B20n Fig. 8 - X-band ESR spectra for glasses of composition 17.7 ( iNg 
obtained under various conditions. Top spectrum: Glass of normal isotopic abun- 
dance, x-irradiated and observed at 22° K. Bottom spectrum: Glass enriched in 
10B, x-irradiated at 220K, warmed to 90° K and observed at 70° K. Dashed curves 
are portions of the same experimental spectra recorded at high gain. (Qualita - 
tively similar results were obtained at other temperatures below ~100oK.) 
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(obscured /  |by hole center) 

<g> 

Fig, 9 - A model explaining the qualitative features of the BEC spectrum, 
(a) Experimental first-derivative spectrum (shape of mx ■ +1/2 compon - 
ent is inferred), (b) "Stick Diagram" defining the average g value (g> and 
the average HB hyperfine coupling constant <A) . Here, the effect of   a 
distribution of coupling constants is illustrated in terms of its effect on 
the (undifferentiated) absorption spectrum. A bell-shaped distribution 
having a width at half maximum equal to a results in widths for the indi - 
vidual hyperfine lines equal to 1/2 a for the mr ± 1/2 peaks and 3/2 a 
for the mj =±3/2 peaks. The latter are accordingly lower in amplitude 
than the former by a factor of 9 if no other line broadening mechanisms 
are considered. 
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'B ENRICHED 

3000       3100        3200       3300       3400       3500 
MAGNETIC FIELD (GAUSS) 

Fig. 10 - X-band ESR spectrum of a 17.7% K2 0-82.3% B2 O3 glass, enriched 
to 98,4% B, x-irradiated and observed at 77° K. Dashed curve is a computer 
simulation of the BEC contribution, based on the parameters listed in Table 
II. (Weak lines split by ~ 500 G are due to atomic hydrogen.) 
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•f 

■AB 

NB 

W' B 

Fig. 12 - Schematic of a dangling-orbital-type trapped-electron 
center. Left: steric picture. Right: electronic energy levels. 
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Fig. 13 - Variation of <Aiso (Hß)) with glass composition. Curves per- 
taming to the EEC in the lithiuir. sodium, and potassium borate glass 
systems are indicated by Li, Na.andK.The circles with an inscribed "C" 
refer to measurements performed on lithium borate polycrystalline com- 
pounds (These data should be treated with certam cautions described in 
net. 23.) 
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F 
GAIN X I 

2800 3000 3200 3400 
MAGNETIC FIELD (GAUSS) 

3600 

Fig. 16 - X-band ESR spectrum of a 30% NaoO 70^ R n , 
irradiation at 77° K. Dashed curve I. . ^OJ0c B203 S'ass following x- 
resonance under the assumption that 7o'of t7Uter ^^ of the h™* 
ally distributed among the L ^ lf^^*^ * ^ 
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t 

2800 3200 3400 
WGNRTIC FIELD (GAUSS) 

3600 

Fig. 17 - (a) X-band ESR spectrum of an 8,3% KC1-12.7% K20-79% BgOß 
glass immediately following x-irradiation at 22° K. (b) A computer simu- 
lation of the Cl0 contribution to this spectrum. 
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2000       2500       3000       3500       4000       4500 
MAGNETIC   FIELD (GAUSS) 

Fig. 18 - X-band ESR spectrum of an 8.3% KBr - 12.7% KgO - 79% B.,Oo 
glass immediately following x-irradiation at 22° K. Dashed curve is k 
computer simulation of the Brc contribution. 
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(a) 

>- 
O 
a: 
UJ z 
UJ 

^—3P; 

ti=ff 3pXiy 

(c) 

% « g fe 

h 'n 
JIA 

(b) 

< 
CD 
O 
cr 
QL 

_L X J. J_ 
10   20   30   40   50 
A/:\ 

2.15 2.10 2.05 

g value 
2.00 

Fig. 19 - (a) Schematic diagram defining the splitting A of the p 2pv
2pz 

1 ground 
state of atomic chlorine isolated in a rigid matrix. An environment having nearly 
axial symmetry about the z axis is assumed, (b) Distribution of Avalues estimated 
to characterize the ensemble of chlorine atoms contributing to the spectrum of 
Fig, 17a, (c) First-order expressions for the g values of matrix-isolated halogen 
atoms, where gfe is the free electron g value, X is the spin-orbit coupling con- 
stant, and ji is a constant of the order of unity (determined *2 in this case to be 
~0.7), (d) g values and weighting factors (g± only) derived from (b) and (c) and 
used to compute the spectrum of Fig, 17b. 
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3300 3400 3500 

Magnetic Field (Gauss) 

 1- 
3600 

Fig, 20 - X-band ESR spectrum of an irradiated glass prepared from 
NaCl and B2O3 (a) Experimental spectrum, (b) Computed spectrum 
for Cl 2 centers. 
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12.3 12.4 125 
Magnetic Field ( kGauss ) 

Fie 21 - Ka-band ESR spectrum of an irradiated glass prepared from 
KC1 and B203. (a) Experimental spectrum, (b) Computed spectrum for 

CI2 centers? 
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Fig 22 - Schematic of a halj molecular ion. Left: steric picture 
Right: electronic energy levels. The unpaired spin is located in 
the o2 anti-bonding orhital (shaded). 
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g VALUE 
2.2 2.1 112.0 

3.0 3.2 
MAGNETIC FIELD (KG) 

Fig. 23 - ESR spectra obtained at 77° K for amorphous borates. Dashed curve: 
"amorphized" sodium peroxyborate. 25,54,55 unbroken curve: a quenched, 
unirradiated glass of nominalcomposition 70% NagO - 30% BgOg. 56 Both 
spectra were obtained at a microwave power level of 100 mW in order to sat- 
urate overlapping resonances due to O3 in the former case and Cu2+ (bumps 
near 3.2 kG) in the latter. (Due to probable exchange effects, this type of per- 
oxy radical is not itself easily saturable.) 24,55 
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STRUCTURAL AND ELECTRICAL  PROPERTIES 

OF   CHALCOGENIDE  GLASSES 

Structural  Properties 

p,   C.   Taylor 

S,   0.   Bishop 

D.   L.   Mitchell 

Th. basic  structural  properties oi   vitreous materials 
•        i   ^i   nfniusive  trday  as  they were  before  publlr. 

remain almost  '^   illusive  ^^                studies of  «lasses(1) 

cation  ol   the   1 irst   X-i ay  air irat L x      ,««.♦««„  numbers 
Älthnuffh  the  coordination  . 

the  SiS    ?e(rahedron  as  suggested  by  Zachariessen  1)   and 
XrlS*™   i-  a  Trydomite-type^unit^ore^approp.iate   a^ 

?03 recently suggested by Konnert "■;" -- R  triaMular 
best represented by an agKre^tion of BO  ^ger association 

units(4), by ^roxy^f0^ ^^^question can be asked 
of boron-oxygen units.^  The same basic 3     materials in- 
ronrerninu the structure of many other glassy maiti lax 

and tellundes of the arsenic f«^^1 ^e^^n ^arfre- 
subicct of intensive research efforts in recent >t 

UtÄ to their possible twhnologlc.1 J";P0^^urJ
he

m,^
1St 

i^i r nl this review is concerned with the struc^ul a, . P1" 
pextiei of selected chalcogenide glasses in both solid and 

liquid states, 

„amiemness is ol eeurse, '^^^'"IZ^lTlo^ 
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ol lundamental structural units (local structural order) 
which may be linked in a random fashion to form the bulk 
material.  The basic questions which arise are how large are 
these fundamental structural units, are thoy related to 
structural units in the crystalline modification, and how 
are they linked together?  Many of the chalcogenide glasses 
are based on crystalline compounds which have either one- 
dimensional chain structures or two-dimension layer struc- 
tures.  In such glasses there is perhaps greater hope of 
unambigiously determining the basic structural units and 
their relationship to the structure of corresponding 
crystalline compounds. 

In attempting to determine the basic structural pro- 
perties of glasses three approaches have proved effective. 
First, the properties of a glass may be compared with its 
crystalline modification when one exists.  Second, the be- 
havior of a glass below the glass transition temperature, 
T , may be compared with its behavior in the liquid phase 
attove T_ and also above the melting point of the correspond- 
ing crystalline compound, T , when one exists.  Third, 
glasses of different compositions spanning a glass-forming 
system may be studied, in order to detect changes in physi- 
cal properties which may be related to structural changes. 
All three of these approaches have been utilized in the 
research on the structural properties of chalcogenide 
glasses described in the present article. 

EXPERIMENTAL: 

The far infrared studios were performed on a Perkin- 
Elmer Model 301 grating monochromater and on a Research and 
Industrial Instruments Corporation interferometric spectro- 
photometer.  Transmission measurements above T were m^-de 
using high temperature cells employing siliconSvindows(b^. 
Nuclear Magnetic Res -nance measurements were performed using 
a Varian Model 4200 wide line NMR spectrometer in conjunc- 
1 ion with a Nicolet Model 1074 signal averager.  A gas flow 
system was used to obtain the high temperature NMR spectra6). 
Nuclear quadrupole resonance measurements were obtained wit i 
a pulsed NMR spectrometer^ 

RESULTS AND DISCUSSION: 

A.  Infrared Vibrational Modes in Chalcogenide Glasses 

Most chalcogenide glasses display well defined vi- 
hrational absorption peaks in their infrared spectra(ö"10'. 
In glasses based on layer (two-dimensional) or chain (one- 
dimensional) structure compounds these peaks are about a 
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factor of ten broader and slightly higher in frequency than 
those of the corresponding compounds.  In addition the line- 
shapes of these vibrational modes in the glasses are 
Gaussian and not Lorent/ian as observed in crystalline ma- 
terials.  Figure 1 illustrates the Gaussian character of the 
absorption peaks in two representative glasses, one based on 
a layer compound (As9Se„) and one based on a chain (primari- 
ly) compound (Se).  ftfrgafter such glasses will be referred 
to as layer-tvpe and chain-type.  In Figure 1 the natural 
log of the product of the absorption constant a and the in- 
dex of refraction n is plotted versus the natural log of 
the frequency in cm-^  The quantity na is related to the 
conductivity, a in n~icm-1 by the following equation: 
na   1207ra. 

Glasses which aro entirely tetrahodrally coordinated 
do not follow the pattern described above.  In vitreous 
Si09 the vibrational absorption modes retain the Lorentzian 
shape (Fig. 1) observed in the various crystalline modifi- 
cations.  In the tetrahedrally coordinated glasses of the 
system Cd-Ge-As and Cd-Ge-P, no well defined vibrational 
modes are observed'11^. 

The Gaussian nature ot the vibrational modes in layer 
and chain-tvpe chalcogenide glasses is a matter subject to 
some debate.  On the basis of reflectivity studies of 
As0S„ and As0Seq and transmission studies of thin evaporated 
filmi of As9Se9, Lucovskv

(12) has interpreted the vibration- 
al modes in these glasses in terms of Lorentzian oscillators 
with large damping coefficients.  However, this interpreta- 
tion cannot explain the transmission spectra oi thicker 
films (50 - 250 u)reported by several authors^iU'iJ>i4;. 
The situation is summarized for the absorption around 220 
cm"1 in vitreous As0Se0 in Fig-ore 2.  In this J igure the 
natural log 
wavo-number 4 hin evaporated films.  The^regaining data are due to^ 
Taylor, Bishop and Mit 
Austin and Garbitt(iJ).  A solid line 
indicates the Lorent/ian fit obtained 
applying an harmonic oscillator model 

of the absorption coefficient is plotted versus 
The open circles are the data of Lucovsky on 

The remaining data are due t< 
chell(10\ Zlatkin and Markov^14;, and 

through the data points 
by Lucovsky(12) in 
to the reflectivity 

spectrum of glassy As9Se .  There are two oscillators con- 
tributing to the absorption in Fig. 2 centered at 218 and 
246 cm-1-.  The dashed line represents the Gaussian distri- 
bution of narrow (small damping constant) Lorentzian os- 
cillators employed by Taylor, Bishop and Mitchell^iU'io; in 
fitting their reflectivity and transmission data. Again, 
two (.aussian distributions centered at 213 and 252 cm-1 

have been assumed.  It appears that the data can be better 
accounted for by assuming a Gaussian distribution of 
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Lorentzian oscillators whose damping coefficients are 
approximately those of the corresponding modes in the re- 
lated crystalline compound. 

Several parameters of physical significance can be 
determined by fitting the infrared absorption spectra of 
chalcogenide glasses. These parameters include the halfwidth 
at 1/e of the Gaussian line r, the contribution to the low 
requ-ncy dielectric constant Af, the center frequency of 

the absorption v0 , and an estimate of the Lorentzian" 
damping coefficient 7.  The values of these parameters for 
several chalcogenide glasses are listed in Table 1. 

One will note that the differences between the 
Lorentzian and Gaussian interpretations are not merely 
academic.  For example, the central frequencies of the two 
As Se llnes°i  Fi«ui;e 1 are 213 and 252cm-l in the Gaussian 
JittiHg and 218 and 246 cm"! in the Lorentzian scheme   In 
addition, the contributions to the dielectric constant are 
substantially different for the two interpretations'lO,12), 

The physical significance of the Gaussian halfwidth 
remains an open question.  The most plausible explanation 

to 
5 that the removal of translational symmetry allows in- 
«rnal electric fields to develop in glasses composed of 

chains or layers with anisotropic polarizabilities  In a 
simple classical picture, these internal electric fields 
create an ensemble of force constants which in general 
would be stiller than the force constants in tbm  structural- 
ly periodic case (Lyddane-Sachs-Teller elfect*'10))  The 
slight shift to higher frequency of the vibrational modes 
in glasses is in agreement with the predictions of the 
model. 

e- The increase in width and shift to slightly higher f . 
quency of the vibrational modes in As9S„ and As0Se0 glasses 
with respect to the modes in the crystalline phisei is evi- 
dent in Figure 3.  Figure 3a shows the reflectivity spectra 
ol crystalline As2S  (orpiment) in the two in-plane and one 
out-ol-plane polarizations*17) compared to glassy As S (12> 
Figur« 3b shows the corresponding spectra for cry«taIlJn«(l« 
and glassy^^ As,^ where the out-of-plane polarization 
spectrum lor the crystal has not yet been measured   In 
analogy to the As2S3 results one would expect an out-of- 
plane mode occurring in crystalline As9Se„ at about 275 
cm-i.  One will note from this tigure thaf the out-o'-plane 
crystalline mode is strongly suppressed in the glassy phase 
ii it is present at all. 
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The vibrational absorption spectra of glassy As^S- and 
As^Se^ are very similar.  In fact a simple scaling relation 
exists between the central frequencies of the vibrational 
peaks in these two materials.  This fact is not entirely 
surprising because I he two crystalline compounds are iso- 
morphic.  An harmonic oscillator model provides a simple 
explanation of the scaling relation between glassy As9S„ 
and As9Se„ .  In the harmonic oscillator apnroximation",t ne 
frequency of a vibrational mode is proportional to VkA 
where k is an effective force constant and u a reduced mass. 
II the force constants in ASgS« and As2Se3 are nearly identi- 
cal, then the frequencies will scale as ■-1/2 in these two 
materials. 
yo(As2S,,) 

In this fashion, one predicts "j/ (ASgSe^)/ 
0.8 while the experimental value is ~ 0.7 

The structure of crystalline As^'e 
ed layers or ribbons and is not isomorp 

„ consists 
nie 

of 
with As2S„ 

easily on polishing or heating 
range of compositions As Te, 
formed in bulk and are 

pucker- 
and 

by 
s 

However, glasses in the 
(0.45 < x ^ 0.55) can be 

rthatl^ely stable.  The infrared 

As„Se (19).  Glassy As2Te„ can be formed in the bulk only 
rapid quenching techniques(20), and the glass crystallize 

spectra of As Te,   glasses are essentially independent of 
x and surj ris^ngiyxsiinilar to those of As2S3 and As^e,. 2!^ 

vibrational peaks in ÄSc-j-Te.r with Figure 4 
t hose 
ed to 
better resolved. 
ed above for As0S 

compares the 
The peaks in in ASySe^ 

lower frequency and the two^pe 

pes 
;neräil are generally shift- 

near 200 cm"^ are 
Using the same scaling relation ,is develop- 
and As0Se0, one obtainsV'' (ASccVe^)/ 2 3 a u   2  3'     <-»ui.a.j.jio r 0

V"055 ^45// 
/ (As2Se3)   0.75 while the experimental value is ~ 0,8. 

I'liB applicability of the simple scaling hypr+nesis to the 
As..Ton . glasses is remarkable, and suggests that the 

x siruc 
1_X b^-"^^«-^ *^ **—*- »W|   —OP.-  

;ture ol these glasses resembles more the layers ol 
As2S3 and KmJB**   than the ribbons ol As2Te3'  This conclu" 
sion may partially explain the difficulty in forming glassy 
As2Te3." 

The compositional dependence of the vibrational i odes 
in sever <.l chalcogenide glass systems has also provided 
some useful structural information.  In the As2S Se3_x 
system, a single vibrational mode is observed Tor tne end 
compositions, As^S« and As0Se3, and two modes with unshifted 
frequencies are observed for all intervening compos it ions ^ 22.). 
i'he intensities of these two modes are proportional to the 
amount of end constituent (As2S3 or As2Se3) present in the 
mixed glass.  In the more complicated system 
Tl,.Se Te,  As, Se Te„   two vibrational modes are present in 
all g^asSei and ^hiityto lower frequencies with increasing 
Te content™'.  In the all-Se glass of this system (x - 0. 

3) {.he two features appear at 213 and 255 cm"l(See 
*. able I) 
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In mixed crystalline chalcogenide alloy systems, the 
vibrational peaks follow one of two characteristic modes of 
behavior^'^.  They either remain constant in frequency and 
change in intensity, or they remain essentially constant in 
intensity and gradually shift in frequency.  Mixed vitreous 
systems also exhibit one of these two modes of behavior. 
The As2Se S   glass system shows the first mode of behavior 
while the Tl2§exTe  As SeTe   glass system displays the 
second.  Which mode ä system öb^ys depends on the band 
structure and vibrational dispersion characteristics ol the 
end compositions^4'.  A necessary condition for the first 
mode of behavior is the occurrence of an effective energy- 
gap in the phonon dispersion curves of the end constituent 
with the lighter mass (i.e., As2S  in tne As9Se S„   system). 
Thus knowledge of the compositional dependence $f3tiie 
vibrational modes can in principal yield information about 
the band structure of chalcogenide glasses. 

B.  Temperature Deperdence of Vibrational Modes 

The vibrrtional modes in layer- and chain-type chal- 
cogenide glasses exist essentially unchanged in the molten 
phase not only above the glass transition temperature T 
but also above the felting  point of the crystalline pbul 
F , when one exists^»10) The vibrational absorption spec- 
tium for glassy As2Se3 is displayed in Fig. 5 at several 
dillerent temperatureg.  The strongest peak at 217 cm"! 
which is actually a superposition of two Gaussiaa peaks'as 
described above, is unchanged from 40K up to ':/30K  The 
values of T^ and Tm for As^ are 460 and ü330K, i'espective- 
• y • 

In glassy Tl SeAs2Te„ the vibrational modes also exist 
unchanged well into tM liquid phase.  However, in this 
material there exists a temperature T above which the vi- 
orational modes abruptly disappear^5) (T  - 480oK T - 
3590K).  The disappearance of the vibrational modes It I 
indicates that there is an ."brupt change in the local  s 

structural order at ti.is temperature in glassy Tl0SeAs Te 
which should be reflected in other experimental rrJasurlme^ts 
such as specilic heat and X-ray or neutron diffraction. 

There is an abrupt change in the slope of the viscosity 
CUrV'\™\nr} 19'iliV   in many chalcogenide glasses near 
ri - 1000 poiseUS).  This break in viscosity is attributec 
to a change in bonding configuration because there are 
distinctly different activation energies for dissociation 
above and below the abrupt change in slope(25)   The tem- 
perature T  for glassy Tl SeAs Te  occur« very'near this 
break In viscosity, and tfie two phenomena may" very well be 
related.  II there is indeed a relation between the change 
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in the dissociation energy and the change in local structure 
order, then one would predict a disappearance of the 
characteristic vibrational modes in many chalcogenide glass- 
es at elevated temperatures.  In particular, from viscosity 
measurements^ »20) one would anticipate the temperature T 
to occur near 7250K for liquid As9Se^ although no measure- 
ments have as yet been made near this ter.nerature. 

Many of the infrared results discussed above suggest 
that remnants of the layer or chain structures of specific 
chalcogenide compounds are retained in the corresponding 
glasses and that these vitreous materials are not well des- 
cribed by a three dimensional random network model as has 
been suggested^^'2(^ .  Suppression of only the out-of- 
plane vibratvenal mode in glassy As2S„ suggests the presence 
ol warped layers in this material.  Tne shift of vibrational 
modes to higher frequencies in As2S„ and As„Se„ glasses s 
consistent with the assumption of locally anisotropic 
polarizabilit its which could result only from the presence 
ol layers and not from an Isotropie random network.  Re- 
tention of the vibrational modes above the crystalline 
melting point T  in As^c*  suggests that remnants of layers 
are even present in the liquid phase but may well disappear 
abruptly at some elevated temperature as one could infer 
from the abrupt disappearance of the vibrational modes ii 
liquid TlnSeASnTe« at T . 

Several additional experimental results lend support to 
the layer and chain hypothesis.  The structures of Vitreous 
S and Se have long been described as mixtures of rings and 
chains'27).  Layers^  ' and chains^29) have also beer in- 
voked to explain the low glass transition temperatur-. of 
many chalcogenide glasses.  According to this interpretation 
the abrupt change in viscosity at T  is due to the breaking 
of the weak van der Waals forces between chains or layers 
while the change in slope of the IT? VS. 1/T pic« below 
T)  ICH poise is attributed to the break-up of i he layers 
t hemselves^5 »28 ,29) .  Optical properties of glassy As2S„ 
ami As2Se3 in the 1 - 14 eV range show tiiat the effect or 
disorder on the electronic structure is very slight and 
again sunnort t 
glasses(30'J1). 

is very 
he existence of layer segments in these 

' diffract ion glasses v""'"'■/.  X-ray(32) and neutron^" 
studies have been interpreted as indicating that the local 
structure of AsvSe„ glass looks very much like crystalline, 
layered ASgSe,. out to at least 20A.  As will be seen in the 
following section nuclear magnetic resonance (NMR) results 
in both the glassy and liquid phases also support the pres- 
ence of layers and chains in many chalcogenide glasses. 
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C     Nuclear Magnetic  Resonance   in Chalcogenide Glasses 

Early   investigations  ol   the extent   of   glass-lormimr 
regions   in  glass  systems  containing As-S  or  As-Se  and  ä 

hire! element   showed  that   part icularlv   large  regions exist 
or     he  addition of  Tl^)       The  thallium  nuclei   are   nar 

ticularly  well-suited  for  nuclear magnefTc  reso^ancp  SfJl 
and  tno  existence  of  As-Se-Tl  glasses  over  IL ge  raLe^  ol 
compositions makes   it   possible   to apply  NMR   technioues   to 

NMR V^lrV^ifrSiZ* configura't'iLs   in  thes^ateiials 
.^.MK spectra  provide   information concerning short  raus« 
(primarily  nearest-neighbor)   structural  configurations     *n* 
ni  contrast   to  X-ray  diffraction  spectroscopvt   the  NM?' 
structural18  n0t

H
hamPe^d  ^y  the  absence  Offing ra^ 

htfr.^^Vt 0t  0nly  the more abundant  Tl^^al 
be  considered  here.     NUR  studies or Tl205  in  the  "?'"  "™ 

SSSdli. S^hKu« li!1^'  ?VidenCf b0th 0t   strol;™ieSn"t 
or   tbeSocar^d^rwoü'^f^  U^TsT^  '~""«"«» 

resonant  nSeusV^ ?}"*«•» •"" arises because  the 

Tn": rS"Sj relf f
iVe  10  the -sonance  posuto, M   FM' in a  2.5 molar solution oi   Thallium acetate   in mtm«»), 

(   lÄll|/H)Uare  2i«!/!  Uie  is°troPi':  chemical  shift 

U.l   ;är°e,,7a    ^  ^^V^fn>l^ ^  ti^'Mr^ 
il   tbc^st'er^S^a eS

ClhatCt,1,cSf,ini
0f  Tl205  ^  ££i 

covalently  bonded   to the    ew^rt       ^0^ *t2" f" V™"1* 
I«   the magnitude  oi   the  che^al-shU  ^t'x'^o   "T^icMcf 
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that the thallium atoms are undergoing an abrupt change in 
local environment near this composition.  The thallium sites 
in glasses with x< 0.3 are somewhat less covalent than tnose 
for xk, 0.3. 

Additional evidence lor identifying the chemical shifts 
lor x^, 0.3 as somewhat less covalent is provided by a com- 
parison with chemical shifts measured in thallium iialides 
In largely covalent thallic chloride (T1C1„) the chemical' 
slult is nearly identical with that observed in the 
(T12Sc')x(As2Se3)l-x ^lasses with x>0.3.  In ionic thallous 
chloride (TTC17 the absolute value of the chemical shift is 
only slightly less than that in the glasses for x'0.3. One 
might conjecture from these comparisons that the thallium 
atoms enter the glass as Tl+1 ions for low thallium content 
(x 0.3) and as T1J+ ions for high thallium content (x 0.3). 

The observed change in thallium chemical bonding near 
0.3 is reflected in at least one other physical property. 

Data do to Flaschen et al.^ö) on the temperatures at which 
the viscosity of glasses in this system reach 30 poise (30 
poise points) also show a distinct drop above x ~ 0.3.  The 
data are not detailed enough to determine how abrupt this 
change in 30 poise temperatures is, but the implication is 
that the depression ol the melt viscosity for x.0.3 is 
associated with the occurrence of Tl3+ - like bonding con- 
ligurations in this composition range. 

„77 . , _ 125 
ae  and le    nuclei can also be observed by NMR in 

chalcogenide «lasses although their responses are"much 
weaker than the Tl20o signal^37'38\  The two Sfi77 iines in 

ILK. 7 represent 48 hours of signal averaging(38).  The 
chemical shift is again useful in distingu.shing between 
Se or Te bonding configurations^J8).  In solid glassy 
Beleniun the NMR spectrum is paramagnetically shifted (lower 
magnetic field) relative to that of Se in glassy As0Se0 as 
indicated m Fig. 7.  The substantial difference betwegn 
the isotropic chemical shifts of the Se77 N.MR in glassy Se 
and As2Se3 should make it possible to distinguish between 
Se-Se and As-Se bonds in nixed glass systems containing As 
and Se. 

D.  Temperature üependence of NMR Spectra 

Tl   NMR in vitreous Tl9SeAs9Se,.
(6) , (Tl„Se)0 2 

^^io.^J^ Tl2SeA«2Te3(3l), afid §e77 NMR In  glassy Se 
and As2bey W7,JH) . have been studied well into the liquid 
phases.  In all of the layer-type materials (i.e. excluding 
...-) Ihere Is no apparent change in the lineshape or the 
chewlcal shift on passing through T .  These results 
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indicate   that   the  nearest   neighbor  environments  of   the 
thallium or  selenium  nuclei,   including  the  covalencies  of 
the  bonds,   are   unaltered on  passing   into  the   liquid  phase. 

77 
NMR results lor Se   in Se glass above T r   indicate that 

the behavior ol molten chain-type glasses is Markedly dil- 
lerent from the layer-type materials.  The Se77 NUR "iinfc iS 
observed to motionally narrow in liquid Se in sharp contrast 
to the unchanged Se77 lineshape observed in liquid As2Se0. 
The observation of the motional narrowing of the NMR spec- 
trum in liquid selenium means that ttie spectral broadening 
caused by the site-to-site variation in the chemical shift 
interaction in solid glassy Se has been averaged essentially 
to zero by the atomic motion or reorientation in the melt. 
The occurance of motional narrowing implies that, in addi- 
tion to the breaning of weak interchain bonds, the intra- 
chain bonding configurations are being disrupted with 
correlation times on the order of 10"' to 5 x 10-5 (37)sec> 
Recause the Se77 NMR line is unnarrowed in As2Se„ at tem- 
peratures up to 400oC, the correlation times Tor local bond- 
ing configurations are greater than 10"5 seconds up to at 
least 400OC.  At 400oC the viscosity of As^Se., is equivalent 
to that of Se at 220oC.  Thus there are substantially 
different correlation times or atomic reorientation rates 
in layer-type and chain-type chalcogenide liquids even when 
the (macroscopic) viscosities are equivalent. 

The intensity of the motionally narrowed Se   NMR line 
in molten selenium is shown in Fig. 8 where T  represents 
the melting temperature of trigonal selenium IP2170C). Above 
T_ all of the spins are contributing to the narrow Se77 NMR 
line, but below this temperature the intensity decreases 
monatonically.  It is inferred that the missing intensity at 
temperatures below 220oC is transferred to a broad line 
characteristic of the static situation which occurs in the 
solid glass.  This broad line is unobservable in the 
measurement configuration used to study the narrow line at 
elevated temperatures.  The gradual transfer of intensity 
tram  a broad to a narrow line with Increasing temperatures 
is characteristic of a nuclear spin system described by a 
distribution of correlation times 
1-'ig. 8 is a fit to the data assuming a 

The solid line of 
log normal i'istri- 

bution ol correlation times(38).  At 220oC the median 
correlation time obtained 1rom this fit is 5 x 10"5 sec 

E.  Nuclear Quadrupole Reronance in Chalcogenide 
Glasses 

75 The recent obseivation of As  pulsed nuclear quadru- 
pole resonance (NQR) is vitreous As2Se3

(7) lias provided an 
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additional tool lor studying the local bonding properties 
ol semiconducting chalcogenide glasses.  In addition to the 
many As-containing chalcogenide glasses, those glasses con- 
taining Sb should also be good candidates for study using 
pulsed NQR techniques. 

In crystalline As^So (orpiment) two narrow (~ 50 kHz 
half width) As7^ pulsed NQR lines are observed near 70 Mhz. 
In glassy As^S„ at 4.20K one extremely broad line (3.5 MHz) 
is observed ilear 70 MHz.  From the width and position ol 
this broad lino compared to the two narrow crystal lines, 
one may calculate the deviations in local bonding configu- 
rations surrounding the As sites in this glass. Specifical- 
ly, each As atom is bonded to three sulfur atoms in a 
pyramidal configuration and the As75 NQR results demonstrate 
that these pyramidal units are very well preserved in the 
glass.  The average deviation of pyramidal apex bond angles 
(S-As-S bond angles) is less than 2° in glassy As2S3 and 
less than 4° in glassy As2Se„.  In addition to these struc- 
tural implications, the NQR experiments also provide a use- 
lul probe of the low frequency phonon modes in glasses ^ ''^i 

Althoug 
cha cogenide 
ing interact 
remnants of 
chalcogenide 
The dilieren 
and AsySe,. a 
m the dimen 
glasses. Wc 
are partial 
t ion results 
glasses is v 
crystalline 

h magnetic resonance (NMR and NQR) studies of 
glasses generally probe only nearest neighbor- 
ions, they lend support to the hypothesis that 
the layer or chain structures of specific- 
compounds are retained in the glassy state, 

t characteristic motions occuring in molten Se 
t equivalent viscosity attest to a difference 
sionality of the long range order in these two 
11 defined pyramidal units in As^Sg and As2Se3 
confirmation ol the x-ray and neutron diifrac- 
which indicate that the local order in these 

ery similar to that of the associated layered 
compounds. 

ELECTRICAL PROPERTIES 

The conductivity spectra of chalcogenide glasses gen- 
erally exhibit tour distinct regions in the frequency range 
Irom dc to the optical band edge.  In order of increasing 
Irequency, beginning at dc, they are:  Region I in which 
the conductivity is frequency independent and thermally 
activated with an activation energy (in some temperature 
range) approximately equal to one-half the optical energy 
gap; Region II in which the conductivity increases mono- 
tonically with frequency and is relatively temperature in- 
sensitive (in most cases the freq icncy dependence is approx 
imated by a power law with the exponent s   1): Region III 
in which the conductivity exhibits sharp vibrational 
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absorption bands; Region IV in which the conductivity has 
approximately the same frequency and temperature dependen- 
ces as in Region I but is larger in magnitude by a multi- 
plicative factor 0  ; and Region V in which the conductivity 
again increases monotonically due to band edge absorption. 

These regions are illustrated in Fig. 9 for the well- 
studied low conductivity glass (ASgSe«) and a high con- 
ductivity glass (Tl2SeAs2Te3)   Fof convenience, the verti- 
cal scale in Fig. 1 is labeled in both conductivity units 
(•) in n-1 cm-1) and optical absorption units (no.  in cm"1 

where n is the index of refraction and a is the absorption 
coefficient in cm~l). 

Extensive experimental studies of the conducti 'ity of 
chalcogenide glasses have been carried out in the microwave 
and infrared (109 to 1013 Hz).  The results of these studies 
will only be summarized in this review.  The restriction to 
this fixed frequency range is somewhat artificial.  As can 
be seen in Fig. 9, Region I for the Tl2SeAs2Te3 glass ex- 
tends from dc to 101° Hz, and there is no Region II. Region 
II lor As2Se^ extends from a few Hz to well into the micro- 
wave range.  Since the dc conductivity (Region I) and the 
band edge absorption (Region V) have been discussed ex- 
tensively elsewhere, they will not be discussed here. 
Region III has been discussed in the previous section on 
structural properties. 

CONDUCTIVITY IN REGION II: 

Several physical mechanisms have been suggested to ex- 
plain the rising conductivity observed in a large number of 
solids which are disordered in some way.  These mechanisms 
include electronic hopping, tails of vibrational bands and 
the Maxwell-Wagner effectT42) .  Although current experi- 
mental results appear to favor the hopping mechanism, the 
available evidence is not yet conclusive.  The nature of 
the problem is illustrated in Fig. 10 which shows the fre- 
quency dependence of the room temperature conduction for 
As2Se„ measured in a number of laboratories^

10»4J~47). The 
large differences at low frequencies may well be due to 
contamination by common electrode materials (Cu, Au and Ag) 
which dissolve easily in the chalcogeuides('4ö, .  The upper- 
most curve (ref. 47), is, in fact, for a sample intention- 
ally doped with 0.2'',  Ag. 

The discrepancy among the microwave measurements is 
mucli smaller (only one order of magnitude).  However, 
critical difference! remain.  For example, the data of 
Lakatos and Abkowit/^46) show a saturation or peak in the 
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conductivity in the range 10  to 1010 Hz, while the data oi 
Crevecoeur and Do Wit ^43) and Taylor, Bishop, and MitchellClO) 
havt slopes in the microwave region ol approximately the 
same value as at lower frequencies.  Precise measurements 
in this ran^e are particularly important since the three 
possible physical mechanisms lead to conductivities with 
quite dif'l'orent behavior at high Irequencies.  Hopping con- 
ductivity would exhibit a maximum and then decrease at 
higher Irequencies^4^, vibrational tails would increase 
monotonically to the vibrational bands; and the Maxwell- 
Wanner conductivity would saturate and approach a plateau^  } 
Further experimental measurements of the frequency and tem- 
perature dependences of the conductivity for well character- 
i/.ed samples are clearly needed in the microwave and milli- 
meter wave regions. 

CONDUCTIVITY IN REGION IV: 

A irequency independent (approximately) and thermally 
activated optical absorption in the region between the vi- 
brational absorption bands and the optical band edge (see 
FiK. 9) lias been reported^50^ for glassy and liquid 
TlnSeASnTe^«  As seen in Fig. 11, the room temperature 
activation energies for the dc and inlrared conductivities 
are equal (AE - 0.35 cV) to within experimental error and 
have a value ol approximately one-half the optical energy 
Urap (E ~ 0.75 eV).  The equivalene of the activation en- 
ergies lor the inlrared and dc conductivities is strong 
evidence that '.he dc and infrared conduction mechanisms both 
involve carriers thermally activated to extended states in 
the conduction and valence bands.  The relative frequency 
independence ol the inlrared conductivity (tree carrier ab- 
sorption) implies extremely short relaxation times 
T ('T ' 1 for i < 1014 Hz, where x is the angular frequency 
ol the radiation). 

A similar 
been observed^ 
temperatures. 
pronounced Ire 
tail in t lie ba 
tree carrier a 
wise yields a 
nood agreement 
again supports 
As„Se,. as tree 

temperature depepdent optical ab 
51) and analyzed^50^, in liquid A 
In this case 

quency depend 
nd edge optic 
bsorption. A 
value for the 
with t he dc 
the identifi 
carrier opti 

sorption has 
SgSe^ at high 

the conductivity does exhibit a 
ence which could arise from a 
al absorption superposed on the 
nalysis of the As2Se„ data like- 
infr4red activation enertrv 

0) o(5( 
activatlon'energy in 

valuevou''.  This equivalence 
cation of this process in 
cal absorption. 

Although the dc and infrared activation energies are 
equal for both TlySeAs2Te3 and liquid As2Se3 the magnitudes 
of the conductivities dilTer by a factor 3( 3- r.   /-  ) 

ir dc 
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which can be quite large (Tl9SeAs9Te„, ^ ~ 8 at 300OK- 
AsgSe3, fl ~ 20 at SOQOK).  Tfie phfsi^al oFigin of the factor 
/* has not been identified.  Possible mechanisms include 
strong in-plane electron-phonon coupling which leads to a 
large polaronic effective mass, or inhomogeneous electronic 
conductivity which gives rise to a generalized Maxwell- 
Wagner effect. 

The fact that the vibrational and electronic properties 
oi these glasses do not change noticeably as the temperature 
passes through T suggests that these properties are de- 
termined by the Tn-layer or in-chain bonding and that the 
layers or chains themselves may be rrdered over a signifi- 
cant distance. 
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TABLE I 

GAUSSIAN L1NESHAPE OPTICAL PAKAMKTKHS 1 ;H 
SELECTED VITREOUS MATERIALS 

Glass 
(cm i) (cm"1) 

b 

(cm  ) 

Se 493 32.5 ^ 10 
365 d d 
254 ~13 d 
235 d d 
135 -15 d 
120 d d 
95 d d 

As0Se„ 213 13 ^ 5 
/  .5 252 15 £ 5 

156 12 d 
102 19 d 

Tl2SoAs2Se^ 255 20 <io 
213 25.5 d 
86 53 d 

Tl28.A«2T*3 246 18.5 ^10 
189 29 d 
80 47.5 d 

As55Te45 235 
183 

17 
19 

d 
d 

102 24 d 
70 32 d 

Si09 1070 <10 32 
^ 800 2io 50 

450 <10 80 

o   c rrax 
(n-cm) -1 

CdGeAs, 250 ^125' 

0.06 
0.06 
0.99 
0.58 
0.55 
d 
0.32 

27.9 
9.3 
0.7 
3.2 

11.9 
19.3 
12.6 

6.6 
7.1 

17.2 

3.4 
1.1 
5.3 
1.8 

196 
28.1 
70.8 

- 20 

A, 

mm 

d 
d 
d 

d 

0.79 
0.30 
0.03 
0.57 

0.39 

d 
d 
d 
d 

0.16 
0.07 
0.84 

a Hall width at 1/e peak value, 
b Full width at hall height. 
c Peak value ol conductivity. 
d Not measurable due to overlapping absorptions. 
e Full width at hall height, line shape not determined 
1 Contribution ol absorption peak tc low Irequency 

dielectric constant:. 
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FREQUENCY (Hz) 

3 X IQ12 10 13 3X10 13 

(ü-cm) 

ioc 

■   3 X 10 

-   10' 

na 

(cm1) 

-   10' 

3 X 10 

100 300 

WAVENUMBER 

1000 

(CfTT1) 

1000 

Fig. 1 - Conductivity o (or index of refraction times absorption 
constant na) versus wave number for three representative ab- 
sorption peaks in glasses based on one-dimensional (Se), two 
dimensional (AsgSeg) and three-dimenpional (SiC^) compounds. 
Steeply falling solid lines are Gaussian lineshapes; less steeply 
falling solid lines represent Lorentzian lineshapes. Both line- 
shapes are fit to the width of the absorption at half height. 
(After ref. 9.) 
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L 
10' T—i—i—r i   i   i   i   i 

10 
I 

K---GAUSSIAN 

J l_J I L 

140      200     260     320 
WAVENUMBER (cm"!) 

Fig. 2 - Absorption constant (on a log scale) versus wavenumber 
in glassy AljSt« as abstracted from transmission data of the 
following sources: circles from ref. 12 on thin evaporated films, 
squares from ref. 11 on bulk samples, tr'angles from ref. 13 on 
bulk samples and crosses from ref. 10 and the present work on 
bulk samples. The solid line is a fit using two Lorentzir-.i oscil- 
latcrs (after ref. 12). The broken line is a fit using twc Gaussian 
absorption peaks. 
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200 400 600 
WAVENUMBER    (cm-1) 

ä? 
^    40 

> 
I- 
O 
UJ 

UJ 

As2Se3 Glass   f- 

200 400 
WAVENUMBER     (cm-1) 

Fig. 3 - Comparison of the crystal and glass reflectivity spectra 
in (a) As2S3 and (b) As2Se3. The crystal data for As9S„ and ASo 

Seg are taken from refs. 17 and 18, respectively. The glass datl 
are from refs. 22 and 10. 
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FREQUENCY     (Hz) 

10   - 

(fl-cmf 
3 

0.1   - 

0 

-  3xl0~ 

na 

(cmH) 
- 10* 

"   3x10' 

-  10' 

100 300 
WAVENUMBER (cm"') 

Fig. 4 - Absorption peaks in glat sy As5-Tc45 ar.i Al«8ea (log- 
log scale). The solid line is a fit to the data assumingGaussian 
aosorption peaks whose parameters are listed in Table I. 
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FREQUENCY 

3 X lO12 

(Hz) 

(fl-cm^ H 

I 

10 13 

r "T" 

— ( 

i 

/ X 

// / / *^  / 

r4 
X 

X 

- I X 

1 
X 

1 
X 

i; ;, 
X 

V X 

X 

X 

. -   1 

I 

1       1 

3X10* 

i lo* 

na 
(cm"1) 

- 3 X IG2 

I 373 0K 

2   473 0K 

3 --   5230K 

4     573 0K 

5    6 230K 

6 —x    6730K 

0.1 
100 200    300 

WAVENUMBER        (cm"1 ) 

Fig. 5 - Temperature dependence of the absorption peaks (log- 
log scale) in glassy As2Seo (after ref. 5), Data at 62n0 K extend 
only from 90 to 110 cm-1;" data bt 073° K extend only from 290 
to 305 cm . At all other temperatureo data extend from ap- 
proximately 40 to 300 cm"l. 

-  I01 
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.20 

.16 

.12 

X.08 
CO 
_i 
< 

O.04 

i    i    i    i—i—r 

" TI205CHEMiCAL SHIFTS " 

-IN (TI2Se)x(As2Se3)|_x ~ 
-GLASSES 

o.ool—i—i J I L__L 
0       0.2      0.4      0.6     0.8 

Fig. G - Magnitude of the Tl205 NMR chemical shift in (Tl2Se)x 

(AsgSe^) .     glasses versus composition after ref. 6). 
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^^ 

Se77 NMR 
1/=8.1310 MHz 

As2Se3 

GLASS- 

Se GLASSH 

T=300oK 

9990   10.000 10.010    10.020 
H (GAUSS) 

Fig. 7 - Se' ' NMR spectra in solid vitreous As2Se3 and in molten Se, 
The vertical line indicates the Se NMR in an I^SeO^ reference 
sample35 (after ref. 38). 
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^-^ 

5    160   180 200 220 240 260 280 300 
T(0C) 

Flg. 8 - Intensity of the narrow Se77 NMR line In Se as a function of 
temperature (after ref. 38). The intensity has been corrected for the 
temperature dependence of the population distribution in the nuclear 
Zeeman levels. 
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PREQUENCY       (Hz) 

(ß-cm) 

(cm"') 

T'2Se.A.2Te3 

10 'uLoi^    j 

'0-8     lO"6      10*      Id"2      ,0°       ,o2       !04 

WAVENUMBER       (cnr') 
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b  lO"9 

io2   ic3   io4   io3    io6    io7   ioe   io9    IO10  10"   IO12 

FREQUENCY    (Hz) 

Fig. 10 - A compendium of room temperature conductivity measurements 
for vitreous As^Se^ from IO2 to IO12 Hz. 
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m 

10' 

er 

(ß-cm) 

10 .-i 

10 rZ 

TEMPERATURE     (0C  ) 

400  300      200 100 

trn. 

• 10/x 
x 15/1 
\    33-50/i. 

.   .n3 

na 
(cm"1) 

I02 

10' 

Jicr 
1.2 1.6 2.0 2.4 2.8 3.2 3.6 

1000 
CK) H 

FiK. 11 - Conductivilv at de and optical (infrared) frequencies versus 
"     .     ,  „-„•„,   r.n „. 

m 
reciprocal temperature in glassy and liquid TlgStA^Ttg0 . Theopen 
triangles, circles and crosses represent data taken at 5, 10 and IS/iir 
(2000, 1000 and 8M cm-1) respectively. The solid triangles represent 
dc measurements. The slope of the two solid lines corresponds to an 
activation energy A K 0.35 eV. Samp'e thickness varied fron. 25 to 
860 um. 
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THE EFFECTS OF ION IMPLANTATION 

ON THE STRENGTH OF FUSED SILICA 

G.H. Sigel, Jr. 

ABSTRACT 

An investigation has been made into the possibility 
using ion implantation to achieve high strength glass. 
Optical and ESR measurements have been made to study t lie 
radiation damage which accompanies the implantation. In 
spite ol the shallowness ol the ion penetration, biaxial 
tensile tests indicate a strength increase in fused silica 
Jollowing irradiation. 

ol 

INTRODUCTION 

In many ways fused silica resembles the ideal, iso- 
tropic elastic solid.  Failure is believed to occur almost 
entirely by brittle fracture with little or no plastic flow 
takJn^; place.  Theoretically Si09 glass should exhibit a 
cohesive strength in excess of 106 psi, but in practice 
rarely approaches this value.  Griffith^1) was the first to 
account lor this discrepancy in a quantitative manner.  It 
was postulated that failure originated at the glass surface 
because of the presence of microscopic flaws and cracks 
which can concentrate the stress.  The specimen fails when 
stress at the crack tip exceeds the cohesive strength of the 
material.  The successful strengthening of glasses depends 
then on the removal and/or control of these surface flaws. 

One of the most successful methods for controlling 
propagation of surface cracks has been the surface com- 
pression BtreilfCttaming technique.  Cracks normally propagate 
mward from the glasi surface at right angles to the max- 
imum tensile stress.  By placing the surface in compression. 
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1 he surface Haws are pushed closed and crack tip stresses 
are reduced.  This technique can greatly increase the 

2) strength ol a ^lass.  Thermal te»p*rlngl'J chemical Ion 0X- 
change'3"5)f surface cladding, surface crystalli/.at ion(b' 
are a.non^ the spec'lie; techniques which have been utilized. 

One method that had not been investigated which seemed 
to hold some promise was implantation ol ions into the t;lass 
surface using high energy accelerators.  The object was to 
force as many ions as possible into the surface, thereby 
creating a large surface compressive stress.  The method has 
several obvious advantages:  1) A very high 'concentration 
(1020/cm3) (..ln bci stuffed into the surface, 2) a wide 
[attitude Of species can be implanted ranging from protons 
to Inert gases. 3) any host glass can be used, which is not 
the v.-ase lor example with ion exchange, and 4) the profile 
can be controlled rather precisely by the variation ol the 
accelerating potential.  On tne minus side for the technique 
is the shallowness of the penetration depth (a few microns) 
and the possibility of a degradation in strength due to 
radiation damage.  The implanted layer tends to be highly 
damaged since the ions lose energy both by ionization and 
nuclear collisions.  Linhard et al^'' have developed the 
so called LSS theory to explain the energy loss of high 
energy ions travelling t lire ugh a material.  Because ol the 
high delect densities, botl optical and ESR spectroscopy 
can be utilized to study th« radiation centers in a layer 
ol a lew microns. 

In the present work fused silica samples have been im- 
planted with boron, nitrogen and neon ions.  The nature of 
the radiation damage was determined, and tensile strength 
measurements were made using both three point bending and 
biaxial 3 ball and piston techniques. 

EXPERIMENTAL 

Suprasil, Infrasil and GE 125 fused silica were used in 
the investigation.  Samples were both disks and rectangles 
ol I mm thickness. 

Irradiations were performed using both a small 60-kV 
and the N'RL 5-mV Van de Graaff accelerator.  On the larger 
samples, the beam spots were electrostatically scanned over 
the samples to obtain uniform irradiations.  Surface charge 
buildup which can produce crazing of a dielectric surface 
was eliminated by the production of secondary electrons.- 
the target plate.  Samnles were imnlantei with ()0 keV i; 
and N'. and 1 and 3 

Samples were implanted with 60 keV H1 

Mev"%ef . Doses ranged from 2 x 1014 

? at 

I o 
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7.7 x 1016 ions/cm2. 
were below 100oC.  Si 
on a space available basis 
not chosen by design 

Sample temperatures during irradiation 
he irradiations could be made only 

the ionic species used bore were 
but were those available at the time. 

Optical absorpti 
Cary model No. 14 MR 
Model 235 Seya Namiok 
ESR data was taken on 
at X band with lOO kc 
made at room Jemperat 
a calibration source 
implanted samples. 

on measurement? were performed with a 
spectrophotometer and a McPherson 
a vacuum ultraviolet spectrometer. 
a Varian K-9 spectrometer operating 
modulation.  All measurements were 

ure.  A weak pitch sample was used as 
to estimate the number of spins in the 

Te 
and pis 
sample 
120° wi 
1rom ab 
mens we 
This te 
critica 
produce 
are ava 

nsile stre 
ton techni 
rests on t 
t h respect 
ove by a s 
re silica 
chnique el 
1 flatness 
reliable 
ilable . 

ngth mea 
que deve 
hree ste 
to one 

teel pis 
disks of 
iminates 
for tes 

data whe 

surements were made using a 3 ball 
loped by Wachtman et al^8)   The 
»1 balls spaced equidistant and at 
another.  The stress is applied 
ton centered on the sample.  Speci- 
1" diameter and laG" thickness. 
edg« effects and does not require 

t specimens.  It can therefore 
I a limited number of specimens 

-smaller"^™.3 POint b"Uiia'  tusts "" ~* °" ".o 

RESULTS AND DISCUSSIQM 

A) Radiation Effect! 

The basic s 
tetrahedron.  'IV 
to be produced i 
fhe breaking oi' 
two complementar 
dangling sp3 sil 
trapped in a non 
yo0n( 10) ( The tl. 

absorpt ion band 
The hole absorpt 
edge. 

tructurul 
o fundamen 
n the radi 
a strained 
y centers 
icon orbit 
-bonding p 
apped elec 
near 5.9 e 
ion band 1 

unit ot fused silica is the SiO 
tal defect centers arc thought 4 

at ion damage process of silica. 
Si-0 results in the creation of 

(1) an electron tranped on a 
al (the E' center)^9' and a hole 
orbital oi a singly bonded ox- 
tron center produces an optical 
V, and in addition is paramagnetic 
ies at 7.6 eV near the absorption 

I he damage expected in an ion implanted solid results 
' a ed wi h0';,10" and "U(;1^ "^rgy loss mechanisms asso- 
sur ace   Tlu TlPa;  Cle ^^^   ***" aS lt Penetrates the 
w i c nucloiv electronic stopping proceeds by ioni/ation 
e taKH  have ^0^u^ ^  Produce displacements.  Linhard 
ct aU») have developed a theory which provides a universal 
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nuclear Stopping 
tain a theoretic 
Kiven target mat 
important ai low 
linear with oner 
planted species 
I IR- implanted Si 
jected ran^e co^* 
estimate penetra 
SiO^ will lie in 
Ne [on will pone 
4 mit;ron.";. 

power curve.  From this curve one can ob- 
al prol'ile of the implanted species in a 
erial.  In general nuclear stopping is most 
energies while electronic stopping is 

gy over a wide range.  Profiles ol the im~ 
have not beer, determined experimentally tor 
Og samples used in this study.  However pro- 
rections can be made on the LSS theory to 
tion depths.  A 60 keV B11 implant into 
the first micron of the suriace.r A 2 MeV 

träte about 2 microns and a 3 MeV2(>Ne+about 

High purity lused 
very 1111le permanent 
radiation.  Delect cen 
annihilating in a lew 
2..r) x 1()15 00  keV H11 

produce any measureabl 
room temperature.  The 
absorption near the ul 
pure silica material ( 
lamed Irom a dose of 
optical absorption is 
inn appears similar to 
lo higher energy.  The 
ty ol centers in t lie i 
band near IDo tin also 
t he edge ol the glass 
!<)() nm is probably an 
irat 1 Ion ol two large 

silica such as Suprasil exhibits 
damage in the presence of ionizing 
tors are only transient in nature, 
milliseconds^ ID .  Doses of 
ions/cm2 and 2 x I0I4 2oNe+ did not 
e absorption bands in Suprasil at 
re was however evidence of increased 
traviolet edge.  By choosing a less 
Infrasil), permanent damage was ob- 
1 x 10ld 60 keV BH ions/cm2.  The 
shown in Figure 1.  The band near 210 
the E1 band although shifted slightly 
shift may result from the high densi- 

mplanted layer.  The higher energy 
seems to be present as a shoulder on 

The up turn shown in Figure 1 near 
artifact resulting Irom the sub- 
numbers to obtain a small one. 

ESR measurements confirm the presence of E' centers 
In I lie ioii implanted Infrasil.  Figure 2 shows the Isotropie 
resonance measured following irradiation by 1.3 x 1015 60 
keV jjll ions/cm-.  The g valuo and line shape are almost 
identical to that observed for the E' resonance in bulk 
material.  A rough estimate of the concentration in the 
sample was obtained, by comparison with a weak pitch standard 
A sample ol 0.33 cm- cross section contained approximately 
3 x 1()12 spins.  This indicates a defect center concent ra- 
t ion in the 10IH   -lol7 'Cm

J. 

Annealing studies showed that temperatures of 400oC 
were sufficient to anneal out most of the damage.  This 
temperature is sufficiently low to rule out the migration 
ol the implanted species over large distances within the 
silica. 
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mmmmmmm navu mm fnäae ra measure a 
damage profile usinn diluted HF etching and the repeated 
measurement of the ESR signal of the E' resonance.  The ICJE 
pure material exhibits a profile characteristic of the com- 
bined electronic- and nuclear stopping curve.  This is con- 
sistent with the observation mentioned earlier that in pure 
material, broken bands reheal quickly because of the ab- 
sence of permanent trapping sites, normally produced by 
impur i t ies. 

STRENGTH OF ION IMPLANTED SAMPLES 

T 
dens it 
t he su 
t erial 
init La 
J ul as 
about 
s'ress 
In the 
t ained 

hy initial irradiation of Si02 produces a change in 
y*-1^ which is responsible for a tensile stress on 
rface.  Density changes in neutron irradiated ma- 
s reach saturation at about 2 x 1020 nvt,  It is this 
1 densification that makes ion implanted silica use- 
optical waveguides.  This is the equivalent dose of 
lO1-3 ions/cm ,  Once this is achieved, the con pressive 
produced by the ion stuffing will begin to dominate, 
present work doses up to 7.7 x 1016 20Ne-( wero ob_ 

Thr stresses produced by the 3 ball and piston biaxial 
flexure test at the lower center of the specimen can be 
calculated exactly by use of Equation 1 developed by 
Kirstein and Woolley.'*3) 

STRESS EQU /FION FOR PISTON-ON-3-BALL 

BIAXIAL FLEXURE TEST 

-3/477 
d 

(x-y) 

(1+v) ln(|i)2 f iljal (b/c)
2 

(1+v) Uln(J)2 + (l-v) i±)2 

(1) 

(2) 

(3) 

where S - tensile stress a: center of lower surface, p - 
applied load, d   thicknes.s of specimen, a - diameter of 
support circle, b - diameter of piston, c = diameter ol 
specinen and . - Poisson's ratio. 

Samples of optically polished GE 125 silica wero tested 
lor strength prior to irradiation.  Tests on 25 samples in- 
dicated an average failure stress of 2.8 x 104 psi with a 
fractional deviation of '10.7',.  The highest stress recorded 
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was 3.6 x 104 psi 

Disks Irom the same batch of GE 125 silica were im- 
planted with doses oi V x 1016/cm2lMeV20Ne+ and 60 keV NT+. 
.'he averag« failure stress was 4.35 x 104 psi with a 
Jraclionai deviation of ±13.5';.  This represents an average 
strengili increase of 52.4'?. 

Three point bending measurements on smaller pieces in- 
dicate average strength increases i anging from 16 to 13(y;, 
but   these show much more scatter. 

A control group of 25 samples which irradiated with 
low energy 2 keV electrons was observed to slightly decrease 
m stlength with an average failure stress of 
and a fractional deviation of ±16.17;,. 

2.1 x 10' psi 

Thus 
radial Ion 

in spite of the initial contraction of Si09 to 
the shallow depth of the implant, and the radi- 

al ion danage produced, there is some evidence that Si09 nut- 
be strengthened by ion implantation.  More data is required 
to sei lie this question.  At present, our access to the 
Van de Graaff accelerators is extremely limited, but plans 
have been made to perform a series of tests on Pyrex samples 
il mar hine time becomes available. 

i 
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1 
CONCLUSION 

Optical and ESR measurements of ion-implanted fused 
silica have indicated the presence of both trapped electron 
and hole centers.  The damage anneals at sufficiently low 
temperatures that the implanted profile should not be 
affected.  Tensile stress measurements indicate some 
strenKth increase in ion implanted samples which have re- 
ceived doses in excess of lO1^ ions/cm .  Further experi- 
mental work is required to confirm this observation. 
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Fig. 1 - Optical absorpiion produced in Infrasil fused silica. High purity 
materials showed little measureable absorption at this dose level. 
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Fig. 2 - ESR signal sample as shown in Figure 1. The resonance is 
due to E' centers, electrons trapped on dangling silicon orbitals. 
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