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Cathodoluminescence microcharacterization of the defect structure of quartz
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Cathodoluminescence (CL) spectroscopy has been used to investigate the irradiation-sensitive defect
structure of ultrapure synthetic quartz at 295 and 80 K. CL emissions are identified with particular de-
fect centers. Insight into the processes of defect formation and subsequent electromigration resulting
from the trapped-charge-induced electric field following irradiation by a stationary continuous electron
beam are presented. The CL emissions are associated with either a nonbridging oxygen hole center
(NBOHC) or trapped-electron Si3 center (1.91 eV); NBOHC with OH precursor (1.95 eV); the radiative
recombination of the self-trapped exciton (STE) in irradiation-induced amorphous SiO& outgrowths (2.28
eV); an extrinsic process (2.46 eV); the radiative recombination of the STE associated with the E

&
center

in a-Si02 (2.72 eV); an additional component at 80 K due to the radiative recombination of the STE as-
sociated with the E2 center (2.69 eV); an intrinsic process (2.95 eV); and the charge-compensated substi-
tutional aluminum center (3.12 eV).

I. INTRODUCTION

Cathodoluminescence (CL) microscopy and spectros-
copy in a scanning electron microscope (SEM) are partic-
ularly suitable techniques for the high spatial resolution,
high sensitivity detection of defect centers in materials. '
Recent developments in photonics technology have re-
sulted in an increase in the application' of materials
characterization using CL microanaiysis. For example,
following the identification of the mechanisms producing
the emission bands in the CL spectrum, the migration
and electrodiffusion of particular luminescent centers
may be imaged with high spatial resolution using mono-
chromatic CL microscopy. In addition, nondestructive
depth resolved (nm to pm) information is available by
varying the electron-beam energy and hence the interac-
tion volume. CL microanaiysis complements the defect
structure information available from other luminescence
spectroscopy such as photoluminescence (PL), optical-
absorption spectroscopy, electron-spin-resonance, and
electron paramagnetic resonance (ESR/EPR) spectros-
copies.

In this investigation, CL microcharacterization has
been used to investigate the irradiation sensitive defect
structure of crystalline SiOz (quartz). The luminescence
emissions are correlated with particular defect structures.
In addition insight obtained from CL analysis into the
processes of defect formation and subsequent
electrodiffusion due to the inAuence of the electric field
induced by trapped charges within the interaction
volume ' are presented.

Silicon dioxide (SiOz) is a semicovalent ' oxide insula-
tor with useful physical properties that have resulted in
its wide and diverse use. Some of the many applications
include the use of natural SiOz (quartz) as a geological in-
dicator, as the concentration of certain impurity and
structural defects indicates the genesis of the quartz ' '
and hence possible associated valuable oil, gas, and
mineral deposits. Synthetic Si02 polymorphs are also

used in optical fiber technology, laser windows, and in
semiconductor and frequency control devices. The pres-
ence of impurities and structural defects may affect the
device performance. "' In addition it is well recognized
that the defect structure of Si02 is extremely sensitive to
ionizing radiation. " ' Many SiOz devices are operated
in radiation environments, therefore it is of fundamental
importance to characterize the radiation sensitive defect
structure of Si02 to enable optimum device design.

It has been observed that the method of SiOz syn-
thesis, ' irradiation, ' ' mechanical stress, ' ' tempera-
ture change, ' ' and the presence of (trace amounts of)
impurities' ' ' ' ' ' can effect the formation of defects
and/or the transformation of existing defect precursors in
SiOz. ' Irradiation produces defects by either the trap-
ping of an electron or hole at the site of a preexisting pre-
cursor defect. Alternatively, atomic displacements from
the normal bonding (defect-free) sites can result from ei-
ther knock on' ' (Eo ) 100 keV) or radiolytic processes
(Eo ) 5 keV) depending on the irradiation energy Eo. '

ESR/EPR are powerful and widely used techniques
available for the detection and identification of paramag-
netic defects. ESR/EPR studies have identified three
types of fundamental defects induced by the irradiation
of high purity SiOz (see Griscom'e excellent review' and
references therein). They are the E' center, ' the peroxy
(or "superoxide" ) radical, and the nonbridging oxygen
hole center (NBOHC). Models for each defect have
been proposed, based on large experimental data bases. '

The E' center is usually denoted ( =Si ) which
represents an unpaired electron ( ) in a dangling
tetrahedral sp orbital of a single silicon atom bonded to
three oxygen atoms ( = ) in the SiOz structure. A num-
ber of E' center variants have been identified, including
the E'„Ez,' and E' (Ref. 13) centers which are ra-
diolytically formed and are believed to involve the
asymmetrically related oxygen vacancy; E4 (Refs. 16
and 28) and E& (Refs. 13 and 22) centers which are pro-
duced by the irradiation of an oxygen vacancy and stabi-

0163-1829/95/52{5)/3122(13)/$06. 00 52 3122 1995 The American Physical Society



52 CATHODOLUMINESCENCE MICROCHARACTERIZATION OF THE. . . 3123

lized by hydrogen; E& and E& centers and the E,' center
in the surface region, and others (see, for example, Con-
ley et al. for discussion of further E' variants). The
peroxy radical is an oxygen associated hole center
( =Si—0—0.), consisting of an 02 radical ion bonded
to a single silicon atom bonded to three oxygen atoms in
the SiO2 structure. ' ' ' ' The "small peroxy radical" is
an alternative configuration, predicted by Edwards and
Fowler, where the radical ion is strongly bonded to two
silicon atoms, however it has not been observed in the
common Si02 polyrnorph structures to date. The
NBOHC ( =Si—0 ) is described as a hole trapped in a
pure 2pm. orbital of a single oxygen bonded to a single sil-
icon bonded to three oxygen atoms in the Si02 struc-

1 3& 2S) 33

Evidence for nonparamagnetic defects in SiO2 is ob-
tained from absorption and luminescence spectroscopies,
however ESR/EPR results strongly indicate the possible
forms of nonpararn. agnetic precursors of the observed
paramagnetic defects. The B2 optical-absorption band
at —5.0 eV has been associated with the oxygen vacancy
(
—=Si—Si= ) from studies of oxygen-deficient SiOz (Ref.

34) and is a possible precursor of the E' center. The
—3.8 eV (Ref. 15) optical-absorption band has been as-
sociated with the peroxy linkages ( =Si—0—0—Si= )

from studies of oxygen-rich Si02 and from comparison
with the SiOz local defect structure calculations of
O'Reilly and Robertson. Peroxy linkages are possible
precursors of the peroxy radical and/or the NBOHC.
However, peroxy radicals can also occur in oxygen-
deficient SiOz (i.e., Si02 with a 82 optical-absorption
band indicating the presence of oxygen vacancies), and
are believed to result from the reaction between an E'
center and interstitial molecular oxygen' ' ' (i.e.,
=Si +02~ —=Si—0—0.). The 3.8 and 5.0 eV bands
can be observed in a single spectrum implying that
peroxy linkages and oxygen vacancies coexist in a single
specimen, depending on the method of synthesis of the
Si02.' The peroxy linkage and the neutral oxygen vacan-
cy are a Frenkel defect pair, "' ' but specimens with
different peroxy linkage and oxygen vacancy concentra-
tions mill not be configured as such. The defect species
induced by irradiation are strongly dependent on the ex-
isting precursors and therefore on the stoichiometry or
absolute deficiency or excess of oxygen atoms over silicon
to s 15' 34'36' 37

In natural and synthetic quartz, hydrogen and alumi-
num are the most common impurities. ' ' Hydrogen is
incorporated as hydroxyl groups which tend to cluster in
pairs' (i.e., —:Si—OH HO—Si= ) in Si02."0 Alterna-
tively, atomic and molecular hydrogen are found intersti-
tially. Atomic hydrogen which is mobile at 77 K, '
dimerizes at temperatures above 130 K, ' and the resul-
tant molecular hydrogen becomes mobile in the range
170—230 K. Aluminum (Al +

) substitutes for silicon in

SiOz and is associated with alkali cations [mobile at tem-
peratures above 200 K (Ref. 17)] which are local charge
compensators. For high purity Sawyer premium Q-grade
synthetic quartz, which has an average aluminum con-
centration of 2 parts per million (ppm), the interstitial

charge compensators are H+, Li+, and Na+.
In Table I the results of some frequently cited lumines-

cence experiments on SiOz polymorphs are summa-
rized 1,9, 13,23, 2s, w —6o The results of the present study are
also included for comparison. In Si02 the dominant ob-
served defects are in the short-range order involving the
SiO2 tetrahedra fundamental to the SiO2 structure. ' Sili-
cate structure is determined by silicon-silicon and
silicon-oxygen interactions rather than interactions be-
tween oxygen atoms. ' Thus, as shown in Table I, the de-
fect structure and the resulting luminescence from amor-
phous and crystalline SiOz are similar.

II. EXPERIMENTAL DETAILS

Z-cut premium Q-grade synthetic high-purity quartz
obtained from Sawyer Research Products Inc. was in-
vestigated. The inclusion and dislocation densities, and
impurity concentrations, are well characterized for this
readily available commercial material. The maximum
impurity concentrations were determined by Sawyer
Research Products Inc. for the particular specimens us-
ing the Q infrared quality factor method described by
Brice. The impurities and their concentrations were
determined to be OH ((300 ppm), Al ((2 ppm), Na
( (2 ppm), Li ( (2 ppm) with negligible amounts of com-
mon impurities such as Ge, K, Ca, and Fe. The particu-
lar quartz specimens studied were specifically manufac-
tured for optical applications and therefore have a low in-
clusion density.

A number of complementary investigations of Sawyer
premium Q-grade synthetic quartz have been reported in
the literature and are available for comparison. They
include CL, ' PL, ' thermoluminescence, '
optical-absorption spectroscopy, ESR, ' ' ' '

EPR 6s, 66 and infrared absorption spectroscopy. '2'

The optical-absorption spectroscopy of Sawyer Z-cut
premium synthetic quartz reveals an absorption at 5.2
eV which is attributed to a transition involving an elec-
tron associated with an oxygen vacancy. ' The 3.8 eV
optical absorption which has been observed in oxygen-
rich Si02 (Refs. 15, 37, and 68) and has been associated
with peroxy linkages was not detected from unirradiated
premium synthetic quartz.

Therefore it is concluded that the Sawyer premium
synthetic quartz is oxygen deficient (i.e., the preirradia-
tion concentration of peroxy linkages is small, while the
oxygen vacancy concentration is significant). This is an
important distinction as the absolute and relative propor-
tions of impurities and point defects have a profound
effect on the irradiation sensitive defect structure and
therefore on the identification of the CL from quartz. Z-
cut specimens of the high-purity Sawyer premium syn-
thetic quartz and for comparison, natural clear a-quartz
from Oban NS%' Australia, were polished to an optical
finish. The specimens were coated with a thin conducting
layer of carbon prior to irradiation to prevent deflection
of the incident electron beam by charging of the speci-
men surface. The thickness of the carbon film was deter-
mined to be 30+4 nm using a Park Scientific Autoprobe
LS atomic force microscope. The specimens were not ir-
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TABLE I. A comparison of the results of some frequently cited luminescence experiments on Si02 polymorphs.

Reference SiOz Excitation Emission Identification

28(1976)

40(1979)
4i(1980)

42(1980)

43(1981)
44(1983)

45(1984)

46(1984)

47(1985)

13(1985)

48(1985)

49(1985)

50(1987)

51(1988)

52(1988)

53(1989)

54(1989)

55(1990)

9(1990)

56(1990)

57(1990}

a-Si02
a-Si02

Quartz
Si02
alms

Si02
alms
Silica
Pure
a-Si02'

Silica

High
purity
glass
Quartz

Si02
glasses

Pure
a-Si02

High
purity
glass
Fused
silica
Pure
SiO~
glasses
Pure a-SiOz'

Silica
glass
Fused
Silica

a-Si02
un/densified
Natural
quartz
Silica
glass
High
purity
glass

CL

X ray/UV
CL

CL

PL
X ray

Pol PL

X ray

Pulsed CL

Review/PL

ODMR'

PL

PL

&keV CL

pol PL

PL

PL

Pulsed CL
& PL
CL

PL

PL

1.9 eV
2.5 eV
2.9 eV
4.28 eV
4.77 eV
2.6 eV
1.91 eV
2.21 eV
2.99 eV
1.9 eV
2.7 eV
1.9 eV
2.8 eV
2.9 eV
3.25 eV

2.65 eV

4.3 eV
1.9 eV

2.05 eV
2.58 eV
3.1 eV
3—1.75 eV

1.85 eV
1.95 eV
2.64 eV
2.6 eV
2.9 eV
3.1 eV
2.0 eV
2.1 eV
2.65 eV
2.7 eV
3.1 eV
1.95 eV
2.22 eV
2.75 eV
2.5 eV
2.8 ev

2.7 eV

2.7 eV
3.1 eV

2.1 eV
2.8 eV
"Blue"

1.9 eV

1.9 eV
2.0 eV

a-Si02 associated with E' center
a-Si02 associated with E' center
STE
Associated with residual or adsorbed water
Intrinsic electron-beam-induced effect
Impurity (implanted carbon)

Associated with E' center
NBO defects (not necessarily trapped holes)

Recombination of an electron with a hole trapped ad-
jacent to an (Al-M+) center
Triplet —+singlet transition Si2 intrinsic defect
(CL&asT $ )

Singlet~singlet transition Si2 intrinsic defect
NBOHC (neutral paramagnetic bond defect —NBO
atom with a hole in the 2p orbital)

Fine structure (separation 0.122 eV) associated with
molecular 0~ ion vibrations
NBOHC
Drawing induced defect
STE
STE (oxygen vacancy/interstitial oxygen pair)

Intrinsic emission associated with high [OH]
Intrinsic emission associated with low [OH]

Intrinsic
02 (molecular ion) emission band
Increases as [OH] decreases
Due to manufacturing process
Intrinsic/metastable state
Extrinsic
STE (E' center and negatively charged peroxy radi-
cal)
Triplet —+ground-state transition of neutral oxygen va-
cancy defect (oxygen-deficient glass)
Si-related center
Triplet —+singlet emission of Ge with 2 bridging 0
atoms
STE in a-Si02
STE in a-Si02
Observed when [Al] & 50 ppm

Radiative relaxation 0('D)~0('P)

NBOHC (0-rich sample) peroxy linkage precursor
NBOHC (OH-rich sample) nonbridging hydroxy pre-
cursor third type of NBOHC precursor?
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Table I (Continued. )

Reference

58(1990)

23(1990)

1(1992)

59(1992)

60(1994)

This work

Si02

Pure
a-Si02'

Pure
a-Si02'

Natural
quartz

High
purity
glass

Natural
quartz
Pure
a-Si02'

Excitation

TL

Review/CL

PL

TL

CL

Emission

1.9 eV
2.4 eV/2. 2 eV
2.6 eV
2.8 eV
3.2 QV

1.8—3.0 eV

2.65 eV

3.25 eV
1.9 eV
2.2 eV
2.6 eV
1.9 eV
2.7 eV
3.1 eV
2—4 eV
2.0 eV
2.6 eV
1.91 eV
1.95 eV
2.28 eV (295 K)
2.46 eV (295 K)
2.69 eV (80 K)

2.72 eV (80 K)
2.93 eV (295 K)
3.12 eV (295 K)

Identification

Associated with oxygen vacancies
STE in Ge-doped a-SiO2 at 295/80 K
Intrinsic emission (not a composite)

Impurity incorporated during growth
Line features (0.09 eV separation) associated with 0
molecule s
Associated with (A104) hole traps, preirradiation
Al + ions are charge compensated by alkali ions im-
mobile at 80 K
Associated with (H304) hole traps
Dangling nonbridging oxygen ions

STE
NBOHC ( —OH or peroxy linkage precursors)
In low-OH silicas; not STE
Intrinsic emission associated with —0—0—defect
Exhibits STE decay characteristics
Follows annealing: associated with Al—0—Al bonds
Inversely proportional to Al concentration
NBOHC or:—Si:
NBOHC ( —OH precursor)
STE (from a-Si02 outgrowths)
Extrinsic emission
STE associated with E2 center (stabilized by immobile
Ho)
STE (a-Si02) associated with E& center
Intrinsic emission
Associated with (Al-M+) center

'Sawyer Research Products, Inc.
Polarized PL.

'Optically detected magnetic resonance.
Strained Si—0 bond and peroxy linkage precursors.

radiated or annealed prior to the CL investigations.
The CL experiments were performed in a JEOL JSM

35C SEM equipped with a cryogenic stage, and an Ox-
ford Instruments MonoCL cathodoluminescence imaging
and spectral analysis system. The CL was excited using a
continuous stationary electron beam at normal incidence,
and measured using a retractable parabolic mirror collec-
tor. Spectra over the wavelength range 350—850 nm
were collected by photon counting using a Harnamatsu
R2228 PMT with a 1200 line/mm grating, blazed at 500
nm. In energy space the CL emission bands generally
have a Gaussian shape with asymmetric high- and low-
energy exponential tails which are highly dependent on
the type and concentration of impurities. Therefore CL
spectra, collected as a function of wavelength A, (nm), were
converted to energy E (eV). Note this conversion also
requires each CL emission intensity to be multiplied by

The spectra were corrected for total instrument
response which was determined using an Oriel calibrated
standard lamps (tungsten and deuterium). The Si02
emissions are broad, with a full width at half maximum
(FWHM) between 0.15—0.60 eV, therefore failure to
correct for instrument response can lead to errors in the

band shapes and energy positions of the emissions. The
majority of Si02 CL studies do not specify whether the
spectra have been corrected for instrument response
which may account for some of the discrepancies between
published reports.

III. RESULTS

The CL spectra of ultrapure synthetic quartz and natu-
ral clear quartz are very similar. The local intrinsic de-
fects dominate the CL spectrum, and the major impuri-
ties such as aluminum are generally at a low level ( —20
ppm) in clear natural quartz. In Fig. 1, 295 K CL spec-
tra collected as a function of increasing irradiation time
are presented. The CL emission was excited by cor~tinu-
ous irradiation with a stationary electron beam of energy
30 keV and current 0.25 pA at normal incidence. The
electron beam was focused with an incident beam diame-
ter of 0.6 pm. Monte Carlo ' simulations indicate that
the penetration depth of 30 keV electrons in quartz is -8
pm. The resolution of the experimental spectral data
ranges between 0.03 eV at 2 eV and 0.07 eV at 3 eV. The
experimental spectral data represented as scatter plots
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were fitted with a multiparameter Gaussian function us-
ing a nonlinear least-squares curve fitting algorithm.
The baseline o6'set and the position, width, and integrat-
ed area under the peak were iteratively refined to a toler-
ance of at least 0.05. The minimum number of Gauss-
ian emissions necessary to achieve this level of refinement
were used for fitting. The parameters were fitted in-
dependently for each spectrum. Input parameters for the
fitting procedure include only the number of peaks and
an initial approximate estimate of their positions, deter-
mined from inspection of the experimental data.

In Fig. 1, the dashed line plots are the calculated fitted
Gaussian components which are summed to produce the
calculated fitted sohd line plots for direct comparison
with the experimental scatter plots. In Fig. 2, the CL
emission intensities of the resolved Gaussian components
(a sample of which are shown in Fig. 1) are plotted as a
function of irradiation time. In Fig. 3, the same experi-
ments are repeated with a defocused beam of diameter 15

—~—1.91eV
—~—1.95eV

V)I
O

CA

I

200 400 600
Irradiation Exposure (s)

800

FIG. 2. The integrated CL intensities of the resolved calcu-
lated fitted Gaussian components of the CL spectra produced by
focused beam irradiation at 295 K (see Fig. 1) are plotted as a
function of irradiation exposure.
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FIG. 1. A sample of the experimental CL spectra from

quartz following normal stationary focused beam irradiation of
energy 30 keV and current 0.25 pA at 295 K is represented by
scatter plots. The estimated maximum uncertainty in the CL
emission intensities is —5% at —3 eV where the system
response is poor, and (0.5%%uo at -2 eV where the system
response is optimized. The dashed line plots are calculated
fitted Gaussian components, which when summed result in the
calculated fitted CL spectra represented as solid line plots.

ENERGY (eV)

FIG. 3. A sample of the experimental CL spectra from
quartz following normal stationary irradiation of increasing
duration, with a defocused electron beam of energy 30 keV and
current 0.25 pA at 295 K is presented by scatter plots. The
dashed line plots are calculated fitted Gaussian components,
which have been summed to produce the calculated fitted CL
spectra, represented as solid line plots.
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pm, energy of 30 keV, and current of 0.25 pA. Thus the
power density in the interaction volume has been reduced
which results in the electron-beam-induced changes
occurring at a slower rate. This enables in particular the
growth and decay of the radiation sensitive 1.95 eV emis-
sion to be monitored. In Fig. 4, the CL emission intensi-
ties of the resolved Gaussian components in Fig. 3 are
plotted as a function of irradiation time.

The experiment was repeated at 80 K using the identi-
cal focused beam parameters as used in Fig. 1, and is
shown in Fig. 5. The -2.7 eV emission increased by at
least two orders of magnitude as the specimen was cooled
from 295 to 80 K, in agreement with LufF and Town-
send. In Fig. 5, the -2.7 eV feature in the t =725 s
spectrum has been fitted with both one and two Gaussian
components for comparison. Visual inspection indicates
that the two-component model better fits the experimen-
tal data (scatter plot). Where necessary statistical com-
parisons have been made to indicate which model pro-
vides a better fit. For this quantitative comparison com-
monly used numerical criteria of fit, generally known as
reliability or R factors have been adopted,

X[CL, (exp) —CL;(fit)]
RCL

XCL;(exp)

here corresponds to an RcL of & 0.035.
In Fig. 6, the CL emission intensities of the resolved

Gaussian components in Fig. 5 are plotted as a function
of irradiation time. In Table II, the mean CL emission
position and mean FWHM of the resolved Gaussian
bands shown in Figs. 2, 4, and 7 are summarized. The
uncertainties indicate the maximum deviation from the
mean peak position and mean FWHM determined at 295
and 80 K.

Comparison of Figs. 1 and 5 shows that the CL is
strongly dependent on temperature as expected, howev-
er, beam-induced sample heating is frequently overes-
timated. Filippov has estimated the electron-beam-
induced sample heating, by including a term to account
for the penetration range of the incident electrons, rather
than just the diameter of the incident beam, as in the
commonly used estimations of Castaing, Pittway, etc.
Filippov's approach has been experimentally verified
using the temperature-sensitive sharp CL R line emission

OK

5s
where CL;(exp) and CL;(fit) represent the experimental
and fitted CL intensities, respectively. The R factor pro-
vides merely a numerical comparison between models. It
does not indicate whether a model is correct, unique, nor
whether a better model exists. In Fig. 5, the RcL factor
for the single-component Gaussian model is 0.065 corn-
pared with an RCL of 0.028 for the two-component
Gaussian model. This confirms the visual assessment
that the -2.7 eV emission is more likely to be composed
of at least two Gaussian components. Fitting three
Gaussian components to the observed -2.7 eV emission
results in an RcL of 0.025, which is not a significant im-
provement on the two-component fit and is therefore not
justified by the quality of this set of data. In practice, a
visually reasonable fit to the quartz spectra presented
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R~; o.o28

425 s

25s

25 s

0)

Q)

(3
CO

CD

—~—1.91eV—~—1.96&V—+—2.68eV—T—2.95eV—+—3.12eV

~~ a~
T 8v—v

1 I I

250 500
I

750

e ~

~r
1000

irradiation Exposure (s)

FIG. 4. The integrated CL intensities of the resolved calcu-
lated fitted Gaussian components of the CL spectra, produced
by defocused beam irradiation at 295 K {see Fig. 3) are plotted
as a function of irradiation exposure.

1 component fit

Rc~= 0.065
I
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3.5

FIG. 5. A sample of the experimental CL spectra from
quartz following normal stationary irradiation of increasing
duration with a focused electron beam of energy 30 keV and
current 0.25 pA at 80 K are represented by scatter plots. The
dashed line plots are calculated fitted Gaussian components,
which have been summed to produce the calculated fitted CL
spectra, represented as solid line plots. The -2.7 eV feature in
the t =725 s spectrum is fitted with both one and two Gaussian
components for comparison. Visual and quantitative R« fac-
tor comparison indicates the broad feature at -2.7 eV is likely
to be composed of at least two Gaussian components.
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FIG. 6. The integrated CL intensities of the resolved calcu-
lated fitted Gaussian components of the CL spectra produced by
focused beam irradiation at 80 K (see Fig. 5) are plotted as a
function of irradiation exposure.

in A1203.Cr +. The increase in temperature induced by
an electron beam with energy of 30 keV, current of 0.25
pA and beam diameter of 0.6 pm, is therefore estimat-
ed to be —30 K at 295 K (heat capacity Cp2» ~ is
0.74 J g

' K '). At 80 K, the corresponding
temperature-induced increase for the same beam parame-
ters is ( 10 K (heat capacity ' Cp 80 ~ is 0.25
Jg 'K '). Filippov has also devised an analytical ex-
pression estimating the time taken for the irradiation-
induced temperature increase to stabilize. These tem-
perature changes are estimated to stabilize within mil-
liseconds [where thermal conductivity k295 K (Ref. 62)
parallel to the c axis is 0.113 Wcm 'K and ksp K
(Refs. 62 and 78) is 0.5 Wcm 'K '] and therefore do
not correlate with the observed changes in the CL spectra
which occur over hundreds of seconds. Monitoring of
the specimen block temperature with an Oxford Instru-
ments platinum resistance sensor reveals no change
( 0.01 K) during irradiation at ambient temperature.

The importance of electron-beam-induced charging of
insulators is well recognized. ' When carbon coated
SiOz is irradiated with electrons, an electric field is in-
duced due to the localization of charges at defects (either
preexisting or radiolytically ' produced). Both natural
and synthetic quartz charge rapidly during irradiation
and this charge was maintained for long periods follow-

ing irradiation, as has previously been reported.
No evidence of dielectric breakdown was observed dur-
ing any of the experiments.

IV. DISCUSSION

A sample of typical irradiation response spectra of the
1.9 eV CL emission is shown in the inset secondary plot
in Fig. 7. The normalized 1.9 eV CL emission is plotted
as a function of electron-beam irradiation time at 29S K.
The specimen surface was continuously irradiated with a
stationary electron beam of energy 30 keV and current
0.137 pA at normal incidence. Each spectrum was ob-
tained from a previously unirradiated area of the speci-
men. While the electron-beam parameters were main-
tained for each spectrum, the power density delivered to
each new interaction volume was varied by changing the
area over which the specimen was irradiated, by defocus-
ing the beam. From Fig. 7 it can be seen that the spectra
are of similar form and the rate of development depends
on the power density delivered to the interaction volume.
The 1.9 eV CL irradiation response at 295 K is character-
ized by an initial rapid increase and maximizing of the
luminescence, after which the emission decays until ap-
proximately stabilizing (slow decay) after longer irradia-
tion times. These characteristic decay regions of each
spectrum follow first-order kinetics in every case. There-
fore the rate constants for the initial rapid and slow final
decay regions were determined from the gradients of the
ln (1.9 eV CL intensity) versus irradiation time plots.

In Fig. 7, the rate constants for each of the decay re-
gions are plotted as a function of power density in the in-
teraction volume and initially the luminescence decay
rate increases linearly as the power density increases.
The final decay rate is constant and therefore indepen-
dent of the power density, because the electron-beam
irradiation-induced processes responsible for the 1.9 eV
emission have achieved equilibrium within the interac-
tion volume. Thus Fig. 7 shows that the 1.9 eV CL inten-
sity varies in a characteristic manner during irradiation
time, and confirms that the beam-induced reaction rates
are correlated with the power density in the interaction
volume, and hence the beam-induced electric field.

The sensitivity of the SiO2 defect structure to irradia-
tion is demonstrated and may account for some
discrepancies reported in the literature (see Table I).

TABLE II. The mean CL emission positions and mean full width half maximum (FWHM) of the
resolved Gaussian components (see Figs. 1, 3, and 5). The uncertainties indicate the maximum devia-
tion from the mean emission positions and FWHM's determined at each temperature (295 and 80 K).

80 K
Position (eV)

1.91+0.01
1.95+0.05
2.28+0.03
2.46+0.01

2.68+0.03
2.93+0.05
3 ~ 12+0.05

Width (eV)

0.20+0.04
0.42+0.06
0.39+0.05
0.19+0.02

0.35+0.04
0.33+0.06
0.37+0.04

Position (eV)

1.88+0.02
1.95+0.02

2.69+0.02
2.72+0.01

Width (eV)

0.17+0.02
0.32+0.04

0.65+0.02
0.33+0.02
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FIG. 7. The first-order rate constants of beam-induced pro-
cesses involved in the —I.9 eV CL emission are plotted as a
function of the power density delivered by the incident beam.
The rate constants are derived from CL irradiation response
spectra including those in the inset secondary plot.

Therefore, although the processes are thermally assisted,
it is concluded that the irradiation-induced electric field
rather than irradiation-induced specimen heating is the
major factor influencing the observed changes in the SiOz
CL spectra resulting from irradiation at a particular tem-
perature. The observed electron-beam-induced changes
in the CL emission intensities are not correlated with the
electron-beam-induced specimen heating, which stabilizes
within milliseconds for the described experiments.
Electron-beam parameters were varied systematically,
and it was found that for beam energies between 15 and
35 eV and beam currents between 0.1 and 0.3 pA, the CL
emission response is of the same form with the reaction
rates increasing as a function of power density. Hence
the data presented in Figs. 1, 3, and 5 are representative
of the typical response observed. It is noted that the irra-
diation response profile of the 1.9 eV emission is similar
to that predicted by Cazaux and Le Gressus, for the
buildup and subsequent modification of trapped charge in
an insulator due to specimen changes induced by electron
irradiation.

A. 1.91 and 1.96 eV emissions

The widely reported SiOz emission at —1.9 eV has
been attributed to the recombination of electrons in the
highly localized nonbridging oxygen band-gap state, with
holes in the valance-band edge. The NBOHC defect
has been identified in Sion by ESR/EPR, "' '

optical-absorption spectroscopy, ' ' ' ' ' ' lumines-
cence spectroscopies (i.e., CL, PL, x-
ray), " ' ' ' ' ' ' and predicted by theoretical calcu-
lation.

A number of different precursors have been proposed
for the NBOHC. The simultaneous existence of NBOHC
arising from difFerent precursors in a single specimen has
been reported. ' ' ' ' ' In SiOz with appreciable hy-
droxyl concentration (i.e., —OH ) 200 ppm), the ra-
diolysis"' of the hydroxyl group leads to the formation
of a NBOHC (Ref. 59) and the production of atomic hy-
drogen ' (i.e., =Si—O—H~—:Si—0.+H ).'

NBOHC's are also observed in SiOz with low hydroxyl

concentration and therefore must evolve from precur-
sors not involved with hydroxyl groups. Nonbridging
oxygen atoms, locally charge compensated by alkali cat-
ions, can also serve as precursor defects for the
irradiation-induced NBOHC, but the concentration of
this type of precursor would be expected to be minimal in
ultrapure synthetic SiOz. The optical-absorption spec-
trum enables SiOz with low hydroxyl concentration to be
further classified as either oxygen-rich/surplus or oxygen
deficient. Oxygen-rich specimens typically have peroxy
linkages as indicated by the —3.8 eV optical absorp-
tion, ' while oxygen-deficient specimens typically have
oxygen vacancies ' as indicated by the Bz optical-
absorption band at —5.0 eV.

In oxygen-rich specimens the peroxy linkages pro-
vide likely precursors for NBOHC's ' and a num-
ber of different irradiation-induced transformations have
been proposed (for example, =Si—0—O—Si =~—:Si—0'.0—Si= ). ' ' Apart from the hydroxyl
and peroxy linkage precursors, a third precursor type
is indicated by experiment: The "strained" silicon-
oxygen, (Si——0) bond ' which may exist due to
excitation by irradiation is a possible NBOHC precursor(—:Si—0——Si —=~ —=Si—O, Si = ) and may also re-
sult in the formation of an E' center. These defects have
also been detected during production of SiOz fibers in
which context they are described as "drawing induced"
defects. '

Optical-absorption spectroscopy and compositional
analysis' ' indicate that unirradiated Sawyer premium
synthetic SiO& is oxygen deficient and has an —OH
concentration of & 300 ppm. An alternative intrinsic
defect' ' proposed to account for the -2 eV optical ab-
sorption in low OH materials is the "electron trap" or
Si3 defect, ' which is three-coordinated silicon with a
trapped electron (i.e., —:Si:). The oxygen vacancy which
is a defect commonly detected in Sawyer premium
synthetic SiOz is a possible precursor for this
(diamagnetic) trapped electron center (i.e. , :—Si—Si-:=Si:Si=+H ).' The energy level associated
with the Si3 defect is predicted to be -2 eV below the
conduction band.

Optical absorptions ' associated with the NBOHC's
with difFerent precursors have been identified. A broad
( —1 eV) absorption is observed at 2.1 eV from Sion with
800 ppm —OH concentration. The simultaneous ex-
istence of two kinds of NBOHC's may account for the
broadness, as a narrower absorption (-0.5 eV width) is
observed at 1.975 eV from SiOz with a low OH concentra-
tion. A small Stokes shift of 0.05 eV is theoretically pre-
dicted for the NBOHC. The present investigation is
consistent with the association of the NBOHC with—OH precursor, with the CL emission observed at 1.95
eV. The irradiation of the hydroxy group at tempera-
tures & 100 K, ' leads to the production of reactive atom-
ic hydrogen H which thermally diffuses when tempera-
tures exceed 130 K and tends to dimerize. At tempera-
tures above 170—200 K, ' the thermal migration of the
resultant Hz becomes significant. At temperatures
exceeding 230 K, some of the NBOHC's and the Hz
molecules may recombine to reform a nonbridging hy-
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droxy group (—:Si—OH), ' however the radiation
response spectrum for this emission (Fig. 4) suggests that
alternative diffusion limited' processes operate: It is ob-
served that the hydroxy group concentration within the
interaction volume is strongly reduced by irradiation, re-
sulting in the rapid attenuation of the associated CL
emission at 1.95 eV.

The CL emission observed at 1.91 eV in Fig. 1 in-
creases initially and stabilizes. Sawyer premium synthet-
ic SiOz has a low concentration of preirradiation peroxy
linkages; therefore the strained Si——0 bond' ' is a
more likely precursor for the NBOHC associated with
this emission. The relative peak positions of the 1.91 and
1.95 eV emissions are consistent with optical-absorption
measurements of the corresponding non-OH and -OH
precursor NBOHC defects, at 1.975 and 2.10 eV, respec-
tively, considering the predicted Stokes shift of 0.05
eV. Alternatively or additionally, the 1.91 eV emission
may be associated with the Si3 defect. ' ' The Si3 de-
fect precursor is the oxygen vacancy which is a common
defect in Sawyer premium synthetic quartz.

It is noted that continuous stationary irradiation with a
well focused electron beam for an extended period pro-
duces peroxy linkages. It is proposed that a component
of CL emission at —1.9 eV, observed from irradiated
Sawyer premium synthetic quartz is associated with the
NBOHC with peroxy linkage precursor (see Sec. IV B).

8. 2.28 and 2.68 eV emissions

Tanimura, Tanaka, and Itoh reported an electron-
beam-induced volume change in cz-quartz and fused sili-
ca. Irradiation produces excitons which are localized by
a self-induced lattice distortion resulting in the observed
volume increase. ' The lifetime of the self-trapped ex-
citon (STE) is of order —I ms (Ref. 52) and hence the as-
sociated volume change is transient. ' The restoration
of the original structure is associated with the radiative
recombination of the STE. In crystalline Si02, this
luminescence is observed between 2.6 and 2.8
eV, ' ' ' ' ~' 2' while pulsed electron irradiation of
amorphous Si0z results in a luminescent emission be-
tween 2.2 (Ref. 55) and 2.4 eV. Experimen-
tal" ' ' ' and theoretical ' investigations of
the STE in SiO2 have led to the proposal of a number of
different models. Hayes et al. proposed that the STE
involves an irradiation-induced transient oxygen Frenkel
pair comprised of an oxygen vacancy and a peroxy link-
age. ESR experiments have shown that E' center vari-
ants are produced in abundance by a radiolytic process. '

Therefore it has been proposed that the radiolysis of the
Si—0 bond results in either a transient localized E
center and peroxy linkage pair, ' an E' center and neg-
atively charged peroxy radical pair, or an E' center and
NBOHC pair. ' In Fig. 1 the emission at 2.68 eV is as-
signed to the radiative recombination of the STE pro-
duced by the radiolysis of Si—0 bonds in the interaction
volume. The 2.68 eV emission is observed to increase in
intensity with irradiation exposure. This is due to the mi-
gration of competing radiative and nonradiative centers
out of the interaction volume under the inhuence of the

beam-induced electric field.
Electron irradiation of an insulator at normal in-

cidence produces a symmetric charge distribution which
induces an electric field. Cazaux ' has characterized
this electric field in terms of radial (parallel to the sur-
face) and axial (normal to the surface) components. The
preexisting and irradiation-induced negatively charged
species such as oxygen defect centers migrate towards the
surface, under the inhuence of the axial electric field.
The radial field is null along the z axis and at the
quartz/carbon interface, and is only significant at pm
depths below the coated surface. In a SEM, the spatial
distribution of defects identified with particular CL emis-
sions may be mapped using monochromatic CL imaging.
Figure 8 shows a panchromatic (all wavelengths between
300—900 nm) CL micrograph of a specimen previously ir-
radiated with a continuous stationary electron beam of
energy 30 keV and current of 0.25 pA at normal in-
cidence. The localized circular CL images result from a
series of irradiations of 15, 20, 45, 60, 75, 90, 105, and
200 s duration. This series of CL images in Fig. 8 is
representative of the reproducible irradiation-induced
evolution of the images. Initially the irradiated region
uniformly luminesces, however as irradiation continues
the luminescent intensity is enhanced first at the bound-
ary and then, following further irradiation, in the central
region.

The change in the CL image is directly correlated with
the electromigration of oxygen defect centers which re-
sult in the oxygen enrichment of the irradiated surface re-
gion, consistent with electron probe microanaiysis
(EPMA) observations. The accumulated oxygen is in-
corporated into the quartz surface structure as peroxy
linkages, the formation of which results in a permanent
volume increase observed as amorphous Si02 on crystal-

FIG. 8. Panchromatic CL micrograph of quartz previously
irradiated with a normal focused stationary electron beam at
295 K for (top row, left to right) 15, 30, 45, 60 s and (second
row, left to right) 75, 90, 105, and 200 s duration. The dimen-
sion marker is representative of 10 pm.
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line Si02. Monochromatic CL imaging of the 2.28 eV
emission reveals it is restricted to and correlated with the
development of the outgrowth. Note that in amorphous
SiOz, the STE emission is observed between 2.2 (Ref. 55)
and 2.4 eV (Ref. 85) consistent with this proposed
identification. The irradiation response and the peak
widths of the 2.28 eV emission and the 2.69 eV emission
in Fig. 2 are very similar. Therefore the 2.28 eV emission
is assigned to the relaxation of the irradiation-induced
STE within the outgrowth.

It is noted that —1.9 eV emission is also observed from
the central outgrowth region, where the 2.28 eV emission
is localized. The FWHM of the 1.91 eV CL emission
linearly (+7% ) increases from 0.16 to 0.23 eV during 825
s irradiation by the focused electron beam. It is likely
that the observed increase is due to the growth of a new
unresolved emission. The width of the 1.91 eV emission
does not increase unless emission is observed from the
central outgrowth region. The concentration of the irra-
diation produced peroxy linkage defects is significant
only in the outgrowth. Therefore it is proposed that this
emission from the oxygen-rich outgrowth is associated
with the NBOHC with peroxy linkage precursor.

At 80 K, the thermal assistance of the migration of de-
fects is reduced, and the role of hydrogen in the defect
structure of Si02 is particularly important. In Fig. 5, the
-2.7 eV emission at 80 K may be resolved into at least
two components, as described previously. The com-
ponent with FWHM of -0.35 eV is observed between
295 and 80 K and is assigned to the radiative recombina-
tion of the STE associated with an E', . In n-quartz the
four tetrahedrally configured oxygen atoms surrounding
the silicon are pairwise equivalent, ' and usually de-
scribed as having either "short" (1.598 A) or "long"
(1.616 A) bonds. ' Thus two inequivalent relaxations re-
sulting in the formation of an E' center are possible at
the site of an oxygen vacancy. ' ESR experiments' have
associated the energetically more favorable E', center
with the short bond, while the E2 center is associated
with the long bond and is usually' but not always stabi-
lized by a proton. ' The radiolysis of the nonbridging hy-
droxy group at 80 K results in the production of a
NBOHC and atomic hydrogen. At 295 K, the resultant
thermally mobile hydrogen dimerizes and rapidly
diffuses. At 80 K, the atomic hydrogen is much less
mobile and is therefore available to stabilize the energeti-
cally less favorable E2 center. ' The E2 center becomes
thermally unstable at temperatures exceeding 170 K' '

when dimerization and diffusion of hydrogen become
significant processes.

It is possible that the broad emission at 80 K may also
have contributions associated with the STE from the
amorphous outgrowth. However the spectral resolution
is not sufFicient to enable these components to be
identified. As described previously, the only impurities in
Sawyer premium synthetic quartz' present in significant
concentrations are Al, Na+, Li+, and H+. However
the concentration of Na+, Li+, and H+ and other posi-
tively charged interstitial defect centers in the amorphous
outgrowth is expected to be negligible, because of elec-
tromigration due to the irradiation-induced electric field.

In Sawyer premium synthetic quartz' the Al + impuri-
ties substitute for Si + and are less likely to migrate than
the interstitial species.

The large increase in the emission associated with the
STE from the interaction volume occurs because com-
petitive thermally assisted (diffusion limited) radiative
and nonradiative processes occurring within the interac-
tion volume are reduced or inactive at 80 K. The volume
of the amorphous outgrowth is estimated to be of order
2.5% of the crystalline interaction volume and therefore
the contribution of the radiative recombination of the
STE from the amorphous outgrowth is likely to be corre-
spondingly small. At 295 K, the STE emission from the
amorphous outgrowth is comparable with the STE emis-
sion from the interaction volume. This is because com-
petitive processes due to positively charged defect centers
(i.e., Na+, Li+, and H+ ) are negligible within the amor-
phous outgrowth at both 295 and 80 K. This is in con-
trast to the situation in the interaction volume at 295 K
where the positively charged defect center concentration
and associated competitive thermally assisted processes
are significant. Thus the emission from the recombina-
tion of the STE from the crystalline interaction volume is
reduced with respect to the corresponding emission from
the recombination of the STE from the amorphous out-
growth at 295 K.

Additionally at 80 K, it is likely that the extremely
reactive atomic hydrogen produced by the radiolysis of
the hydroxy groups bond with the E' centers, which are
produced in abundance at 80 K, will react such that ( —=
Si +H ~=Si—H). ' The operation of this process
would account for the observations of the irradiation
response of the CL emission shown in Fig. 7: The -2.7
eV emission associated with the STE decreases in intensi-
ty as the 1.95 eV emission associated with the —OH pre-
cursor NBOHC decreases. Atomic hydrogen is produced
during the attenuation of the 1.95 eV emission and a pro-
portion of this hydrogen will bond with the E' centers.
The bonding of the E' centers and atomic hydrogen re-
sults in a nonbridging hydrogen configuration and there-
fore competes with the metastable STE configuration.
Thus emission associated with the relaxation of the STE
is reduced. Further it is noted that following the decay of
the emission at 1.95 eV associated with the —OH precur-
sor NBOHC, the emission associated with the STE stabi-
lizes. This is because the available hydroxy groups have
been dissociated within the interaction volume and the
source of atomic hydrogen is no longer available to en-
able the suggested competing process to operate.

C. 2.46 eV emission

Itoh, Tanimura, and Itoh observed a PL emission
from Sawyer premium synthetic quartz at 2.5 eV, and as-
signed it to an extrinsic process. This emission is not im-
mediately obvious from visual inspection of the experi-
mental spectra in Fig. 1, due to the close proximity of
more intense emissions. Input parameters for the fitting
procedure include the number of peaks and their approxi-
mate position which are usually determined from inspec-
tion of the experimental data. The experimental CL
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spectra in Fig. 1 for irradiation times exceeding 250 s
were fitted with and without an emission at -2.5 eV. It
was found that when the -2.5 eV emission was included,
slightly better fits were obtained with the experimental
data, indicated both visually and by an improvement of
RcL. Furthermore, unless an emission at -2.5 eV is in-
cluded, a discontinuity in the calculated irradiation
response of the integrated CL intensity of the 2.28 eV
emission is observed, after -250 s irradiation with beam
parameters as described. When the spectra are fitted
without the -2.5 eV emission, the rapid increase in the
calculated integrated intensity is mainly due to an -25%
increase in the FWHM of the calculated Gaussian 2.28
eV component. When the spectra are fitted with the
-2.5 eV emission, no discontinuities or rapid changes in
the FWHM are observed in the calculated irradiation
response of the 2.28 eV emission. Therefore the refined
emission energy was determined to be 2.46+0.01 eV and
as can be seen in Fig. 2, the CL emission at 2.46 eV satu-
rates following irradiation, in agreement with the obser-
vations of the 2.5 eV PL emission. Thus the present
study indicates the existence of an emission at 2.46 eV
and is consistent with the observations of Itoh, Tanimu-
ra, and Itoh, although the resolution of the CL spectro-
scopic data is not sufficient to warrant an independent
visual identification.

alkali cations back into the interaction volume. The sub-
sequent reassociation of the (Al-M+ ) center accounts for
the increase in the 3.12 eV emission. This interpretation
is consistent with EPMA studies of Si02 glass where
following an initial decrease, the Na+ signal was ob-
served to increase when the conductive coating was des-
troyed.

The aluminum concentration (average concentration( 3 ppm) was found to be nonuniform in Sawyer premi-
um synthetic quartz. This was indicated by the varying
intensity of the 3.12 eV emission associated with the
(Al-M+ ) center as diff'erent regions of the specimens were
irradiated. This is consistent with the observations of
Luff and Townsend of an emission at 3.2 eV from
Sawyer premium synthetic quartz. They noted the CL
emission (attributed to defects incorporated during
growth ) varied in intensity from diff'erent areas of the
specimen. The possibility that the broad 2.69 eV emis-
sion observed at 80 K in Fig. 5 may have contributions
from the (Al-M+) center is not discounted. Improved
stability of the (Al-M+) center is to be expected due to
the immobility of the alkali cations (Li+) and (Na+) at
temperatures &200 K.' The spectral resolution of the
experimental data is not sufficient to enable this distinc-
tion.

D. 3.12 eV emission TABLE III. The emission bands observed in the 295 and 80
K CL spectra of ultrapure synthetic quartz are identified.

A luminescent emission observed' ' ' between
3.1 —3.25 eV has been attributed to the recombination of
a hole trapped adjacent to a substitutional, charge-
compensated aluminum-alkali ion center (Al-M+ ).'2'23'44

The Al + substitutes for Si, thus requiring charge com-
pensators which in ultrapure Sawyer premium synthetic
quartz are localized interstitial H+, Li+, and Na+. In
addition following irradiation, a hole trapped in a non-
bonding oxygen p orbital may also be associated with the
substitutional Al +.' ' Irradiation of SiO2 is known to
result in the release of atomic hydrogen at temperatures
above 77 K (Ref. 12) and alkali metals at temperatures
above 200 K, followed by their diffusion which is facili-
tated along the c axis channels in o.-quartz. ' '

Thus the initial rapid attenuation of the 3. 12+0.05 eV
emission in Fig. 1 associated with the (Al-M ) center re-
sults from the dissociation and thermally assisted elec-
tromigration of the charge compensators out of the in-
teraction volume under the inhuence of the irradiation-
induced electrical field. ' This interpretation is con-
sistent with x-ray photoelectron spectroscopy depth-
profile studies which show that sodium is depleted from
the interaction volume by electron irradiation. Sodium
concentration in excess of the bulk concentration is found
at the periphery of the interaction volume, providing
strong evidence for electromigration. Following the ini-
tial rapid attenuation, the 3.12 eV emission intensity sta-
bilizes and then steadily increases as irradiation continues
(Fig. 2). The increase in emission is strongly correlated
with the loss of the conductive carbon coating, ' which
results in alternation of the irradiation-induced electric
field within the specimen, causing the electromigration of

1.91
(0.20)

1.88
(0.17)

1.95
(0.42)

1.95
(0.32)

2.28
(0.39)

2.46
(0.19)

2.69
(0.65)

2.68
(0.35)

2.72
(0.33)

2.93
(0.33)

3.12
(0.37)

Position (eV)
(FWHM)

295 K Identification

Associated with NBOHC with
Si——O, and post irradiation
peroxy linkage precursors or—:Si: center

Associated with NBOHC with
—OH precursor

Radiative recombination of a
STE from a-Si02 outgrowth

Extrinsic emission?

Radiative recombination of a
STE from a-Si02, associated
with an Ez center stabilized
by immobile H

Radiative recombination of a
STE from a-Si02, associated
with an E& center and either a
peroxy radical, peroxy linkage,
or NBOHC

Intrinsic emission?

Associated with the charge
compensated, substitutional
[Al-M+] center where M+ is
Li+, Na+, or H+
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E. 2.93 eV emission

The spectra in Fig. 3 were obtained irradiating an area
of relatively low aluminum concentration, as indicated by
the relatively low 3.12 eV emission intensity (in contrast
with the spectra in Fig. 1). This enabled an emission at
2.93+0.28 eV to be resolved. The observed irradiation
response is similar to the intrinsic 1.91 eV emission rath-
er than the 3.12 eV emission associated with the alumi-
num impurity or the 1.95 eV emission associated with—OH precursors. Thus the 2.93 eV emission is possibly
associated with an irradiation produced intrinsic defect.
An emission between 2.9—3.1 eV has been previously re-
ported. '4'~' ' ' Alonso et aI.~ determined that in
Sawyer premium synthetic quartz the emission is not
correlated with the (Al-M+) center consistent with the
results in Fig. 2. The —2.95 eV emission has also
been variously associated with a carbon impurity, ' an—0—0—type defect or Oz defects. " '

V. CONCLUSIONS

The emission bands observed in the 295 and 80 K CL
spectra of ultrapure Sawyer premium Q-grade synthetic
quartz have been associated with various defect centers.
These identifications are listed in Table III and may be
compared with the results of other luminescence experi-
ments on Si02 polymorphs, summarized in Table I. The
experimental CL spectra, corrected for total instrument
response, were fitted using a nonlinear least-squares mul-
tiparameter Gaussian function. A numerical criterion
(RcL factor) was adopted to assist with the assessment of
the quality of the fit. This work has characterized previ-
ously unreported CL emissions from a-Si02 which have
been associated with defect centers consistent with those
determined using complementary methods such as ESR,
EPR, optical-absorption spectroscopy, and PL, etc. The

assignment of the observed CL emission to particular de-
fect centers will allow the defect center concentration and
distribution to be monitored. CL microscopy (imaging)
enables the individual emissions associated with particu-
lar defect centers to be mapped with high sensitivity and
spatial resolution. Thus CL microscopy and spectrosco-
py are ideal techniques for the microcharacterization of
the defect structure of Si02 and other technologically im-
portant luminescent materials.

Previous work indicates that the defect structure and
defect formation mechanisms are dependent on the
method of manufacture. The preirradiation concentra-
tion of hydroxy groups, ' ' ' ' oxygen vacancies (i.e.,
oxygen-deficient specimen), ' ' ' ' ' peroxy linkages
(i.e., oxygen surplus specimen), ' ' ' and the concen-
tration and spatial distribution of the common impurities
(H, Al, Na, Li, Ge, C, etc.) are determined by the method
of manufacture. This work has demonstrated the sensi-
tivity of the Si02 defect structure to specimen tempera-
ture and electron irradiation. The irradiation-induced
electromigration of defect species has important conse-
quences for the interpretation and application (i.e., choice
of beam parameters) of electron probe techniques. In ad-
dition irradiation enables the micromanipulation of the
spatial distribution and type of defect, impurity and/or
dopant. This useful property may have applications in
"nanotechnology" and the development of nanofabrica-
tion techniques.
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