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Fundamentals of high-energy electron-irradiation-induced modifications of silicate glasses
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We reportin situ observations of modifications in silicate glasses using electron-energy-loss spectrometry
with a small-probe~2.2 Å! scanning transmission electron microscope. Two silicate glasses CaO-Al2O3-SiO2

and ZnO-B2O3-SiO2 are examined. It is found that the nonbridging oxygen~NBO! in glasses plays a critical
role in irradiation phenomena. We suggest that a highly localized density of states on the NBO’s probably
results in a very high sensitivity to electron irradiation of the cations bound to NBO’s. These irradiation
phenomena noted above reflect a tendency of electron irradiation to eliminate NBO’s in the irradiated region.
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I. INTRODUCTION

Irradiation effects in glasses have attracted much stu1

since they not only affect the interpretation of experimen
results associated with glasses, but also promise an effic
approach to modify the electronic and optical properties
glasses. Recently, the precipitations of nanometer met
particles induced by electron irradiation have been repo
in Zn borosilicate glasses2 and Cu-doped SiO2 ~Ref. 3!. The
existence of nanometer particles may improve the nonlin
optical properties of these glasses.4 There is also evidence
showing that nanoscale modification of the optical proper
in Ge silicate glasses can be obtained by a high-energy e
tron beam.5 Various mechanisms have been introduced
interpret irradiation effects in glasses, such as ion migrat
phase decomposition, gas bubble formation, and even c
tallization in different glasses.6 Two broad categories o
processes—i.e., radiolysis~ionization and electronic excita
tion processes! and knock-on~elastic! collisions—are in-
volved in high-energy electron-solid interactions. Howev
the fundamental understanding of irradiation mechanism
glasses at the atomic level is limited and is highly desira
in order to predict modification by electron beams.

Over several decades of studies, there is no doubt c
cerning the O2 evolution in electron-irradiated silicat
glasses.7–9 It is suggested that the migration of cations fro
the center of the irradiated region to the periphery may
relevant to the liberation of oxygen, hence leading to
nucleation of gas bubbles.10,11 The cations might diffuse to
the sites of trapped electrons, thus forming neutraliz
clusters.12 Many techniques have been used to examine
post-irradiated silicate glasses.13,14 Recently, directin situ
observation of electron-irradiated SiO2 polymorphs has also
0163-1829/2003/68~6!/064207~11!/$20.00 68 0642
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been reported.15 In situ data in silicate glasses, however, a
limited, althoughin situ observation using x-ray photoelec
tron spectroscopy~XPS! has been reported.16 In this article,
we present our recent studies on irradiation effects in silic
glasses byin situ electron-energy-loss spectroscopy~EELS!
in the electron microscope and discuss the fundame
mechanisms of the interactions of high-energy electrons w
silicate glasses at atomic level.

In EELS, fast electrons that lose characteristic amount
energy to electronic excitations in electron-irradiated mat
als are recorded by an electron spectrometer. It has de
oped into an established technique for chemical analysis,
electron-energy-loss near-edge fine structure~ELNES! in
core edges has also been used to probe the electronic s
ture of materials.17,18 Recently, there has been substant
interest in applying ELNES to obtain the local structural e
vironment of the atom undergoing an electron excitation19

Briefly, the idea is that EELS probes the unoccupied lo
density of states~LDOS!, which is mainly determined by the
short-range order if short-range interactions between e
trons are dominant.20 For example, the EELS of the SiL23

edges have similar ELNES in many SiO2-related materials,21

in which the Si have the same nearest neighbors. The ca
lated electronic structures of both crystalline and amorph
SiO2 are also roughly similar, although there are differenc
in detail.22 So EELS can promisein situ studies of electron-
irradiation-induced changes in the local structure, chemis
and electronic density of states, thus revealing the fundam
tal mechanisms of electron irradiation effects. In combin
tion with electron microscopy, providing high spatial resol
tion, it is also possible to achieve simultaneous records
both EELS and image signals.
©2003 The American Physical Society07-1
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II. EXPERIMENT

Two silicate systems have been used in this study; t
are calcium aluminosilicate (42CaO-25Al2O3-33SiO2) and
zinc borosilicate (60ZnO-20B2O3-20SiO2) ~in mol %!
glasses, respectively. Electron microscope specimens
prepared by grinding the glass into a powder in acetone
mounting suspended pieces on a holy-carbon-film-cove
copper grid. The sizes of glass particles are in the rang
20–100 nm. This has the advantage that there is less
tamination on glass surfaces. The glasses used in this s
are visually homogeneous; no phase separation has bee
served in the initial electron irradiation.

The glasses were observed and analyzed in the Co
VG HB501 100 kV UHV scanning transmission electron m
croscope ~STEM!, equipped with an annular dark fiel
~ADF! single-electron sensitivity detector23 and a parallel
electron-energy-loss spectrometer.24 The attainable electron
probe size in the Cornell STEM is about 2.2 Å in full widt
at half maximum~FWHM!, and the saturated current inte
sity of the probe is about 0.3 nA. The energy stability of t
spectrometer is about 0.03 eV/min, and the energy resolu
of EELS is about 0.7 eV. More details of this instrument c
be found elsewhere.25 The pressure in the microscope w
10210 Torr, and no specimen contamination from carb
was detected during experiments.

Basically, two illumination modes can be achieved in t
STEM: a scanning mode and a spot mode. In the scan
mode or called thearea mode, the subnanometer electro
probe is scanned either along a line~for instance, an illumi-
nating area of about 2.2 Å31280 Å) or across an area~e.g.,
1280 Å31280 Å in area! on the specimen to generate EEL
signals. This reduces the influence of irradiation effects
the spot mode, the electron is fixed on a selected locat
~about 2 Å32 Å in area! controlled by a computer. Inciden
electrons are precisely concentrated in a small region~no
more than 5 Å35 Å in area including beam broadenin
effect26! and thus can probe physics and chemistry proper
on a subnanometer scale. Obviously, a small probe is es
tial in studies of irradiation effects. For instance, diffusion
a nanometer scale induced by irradiation is then detecta
which is crucial for understanding probe and specimen in
actions. From the macroscopic point of view, positi
charges can be built up in insulator materials by electron
x-ray irradiation.27 The charging effects usually cause t
sample drift in TEM. Practically, the drift can be minimize
in the STEM with the use of a subnanometer probe. Thi
probably because using a subnanometer probe in STEM,
ions may easily move into the adjacent region; therefo
neutrality is restored within the probe.28

The results of this study largely rely on the EELS of the
K edge. In addition, the EELS of the CaL23, Al L23, and Si
L23 edges are also observed. A simple model of sing
electron transitions can be used to interpret the deep c
shell excitations, since many-body effects can be treate
perturbations to the single-particle transitions.29 In a solid,
the unoccupied states result from the interactions of the o
orbital of atoms and thus are a mixture of atomic stat
Restricted by the dipole selection rules (D l 561) for small
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momentum transitions,30 the EELS of the OK edge probes
the unoccupied states with O 2p-like symmetry, while the
L23 edges in Ca, Al, and Si project thes-like and d-like
states. In experiments, all the energies of the core-level
ization have been scaled to thep* peak at 284 eV of the C
K edge in amorphous carbon thin films. The backgrounds
the spectra have been properly fitted and subtracted from
original EELS data. No deconvolution has been done to c
rect the multiple scattering, since it does not have a la
effect on the near-edge structures.31

III. RESULTS

A. Variations of ELNES in CaO-Al 2O3-SiO2 glass

The in situ ELNES of the OK edges are shown in Fig. 1
in which the spectra were generated using thespot mode
~with an electron probe current intensity of;0.03 nA!, and
the estimated electron dose rate is about
3104 C/cm2 sec. No effort has been done to align the inte
sities of these time-resolved spectra to any reference.
significant changes are seen: the drop of the inten
around 533.7 eV~marked as peakB! and the appearance o
the peak at;528.8 eV~marked as peakA!. PeakB drops
dramatically in the first 2 sec of irradiation and continuous
decreases with electron irradiation. As a result, the thresh
of the O K edge shifts toward high energy after 10 sec
irradiation. On the contrary, peakA does not appear unti
after 5 sec of irradiation, and it increases in 10 sec. In ad
tion, several minor changes are also seen in Fig. 1. For
stance, the intensity at 537.9 eV~indicated as peakD! in-
creases gradually with electron irradiation and finally form
a significant peak after 10 sec.

The in situ EELS of the CaL23 edges in this glass hav
also been observed under the same conditions as in F
and are shown in Fig. 2. It is seen that the ELNES of the

FIG. 1. In situ EELS of the OK edge in thespotmode with dose
rate of 23104 C/cm2 sec. The high-voltage stability has been co
firmed by comparing the peak positions of thep* in the CK edge
in amorphous carbon thin film before and after recording th
spectra.
7-2
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L23 edge has little change during the irradiation, but the
tensity drops significantly.

The time-resolved total intensities of the CaL23 and OK
edges and the relative intensities of peaksA andB to the total
intensity of the OK edge, as well as the ADF intensitie
~recorded simultaneously with the EELS spectra! are plotted

FIG. 3. Intensity variations of the OK and the corresponding
ADF signal~on the top!, CaL23 edges and peakB ~in the middle!,
and peakA ~on the bottom! vs irradiation time. The illumination
conditions are the same as in Figs. 1 and 2. The intensity of th
K edge is integrated over the first major peak~525–550 eV!, and
that of the CaL23 edge is over bothL3 andL2 peaks. The intensities
of peaksA andB are scaled to the intensity of the OK edge. The
dotted line is a guide for the eyes.

FIG. 2. In situ EELS of the CaL23 edge in thespotmode with
dose rate of 23104 C/cm2 sec. The inset is a comparison of tw
spectra recorded at 1 and 15 sec, respectively, which are scal
the same height of the first peak.
06420
-

in Fig. 3. ~The EELS intensities, throughout this paper, a
normalized to the first observation.! Although the data are
scattered due to the low signal-to-noise ratio, the O inten
exhibits an increasing trend, which is unexpected in terms
the knock-on damage mechanism since oxygen is the ligh
element in the glass. It is noted that the decay of the EE
intensity of peakB in the O K edge seems related to th
decay of the Ca; both the Ca concentration and peakB in the
O K edge decrease rapidly. About half of the calcium is l
after 16 sec of irradiation while the intensity of peakB dis-
appears. It should be noted that peakB accidentally shows a
similar decay rate to the Ca due to an arbitrary selection
the energy windows for integrating the intensity of peakB.
The intensity from the pre-edge tails of other peaks~such as
peakC! may contribute to the integrated results. It is se
that the variation of the EELS intensity of peakA is signifi-
cantly different from that of peakB. PeakA does not exist
until after a certain initial amount of irradiation. Then the
is a short period during which the intensity of peakA in-
creases with irradiation, and after that the intensity rema
approximately constant.

The decay in the ADF intensity may reflect the loss
mass in the irradiated region. However, the decay rate of
Ca, the heaviest element in the glass, is much larger than
of the ADF intensity.32 In other words, the loss of Ca must b
compensated by other species that diffuse into the irradia
region.

The in situ ELNES of the Al and SiL23 edge under the
same experimental conditions as in Figs. 1 and 3 are sh
in Fig. 4. The AlL23 edge shows little changes within 20 se
which is twice longer than the observation period of the OK
edge in Fig. 1~10 sec!. PeaksA1, A2, andA3 can always be
recognized. Although the SiL23 edge is on the tail of the Al
L edge, the ELNES of the SiL23 edge do show significan
changes within 20 sec of electron irradiation. After the ele
tron irradiation, the amorphous SiO2-like features become
more and more distinct: peakS1 at 106 eV~Ref. 33! can
be recognized, peakS2 at 108.3 eV becomes narrower an

O

FIG. 4. In situ EELS of the AlL23 and SiL23 edges in thespot
mode with dose rate of 23104 C/cm2 sec.

to
7-3
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sharper, and the peak at 117 eV disappears, leaving a s
peak (S3) at 116 eV~Ref. 34!. After a long time of irradia-
tion ~60 sec!, however, an extra peak~indicated by an arrow!
at about 80 eV appears in the AlL23 edge and the threshol
energy of the AlL23 edge shifts towards low energy. Th
ELNES of the SiL23 edge becomes more and morea-SiO2
like.

The corresponding variation of the total intensities of t
Al L23 and SiL23 edges is given in Fig. 5. It should be note
that the intensity of the SiL23 edge includes the backgroun
from the tails of the AlL23 edge, which is difficult to be
subtracted. The results in Fig. 5 are obtained by dividing
total intensity under the SiL23 edge~in Fig. 4! by the inte-
grated intensity of the AlL23 edge with the same energ
window. Therefore the resulting curve in Fig. 5 appro
mately represents the Si variation trend. As shown in Fig
the EELS intensity of the Si increases rapidly within 20 s
of irradiation and that of the Al has a slow increase. In a br
summary, the illuminated region loses Ca, but gains all ot
elements during the electron irradiation within the initial o
servation period.

By increasing the beam current to 0.3 nA~at the saturated
extraction voltage!—i.e. an electron dose rate of 2.
3105 C/cm2 sec—Fig. 6 shows the dramatically chang
ELNES of the OK edge by electron irradiation. The acqu
sition of the first spectrum~labeled as 0.5s) was started in an
undamaged area. The irradiation time is considered to
approximately identical with the acquisition time of the spe
trum. So in terms of electron dose, the first spectrum sho
be similar to the spectrum with 5 sec of irradiation in Fig.
and they are indeed almost identical. In other words, ope
ing the~S! TEM under normal conditions, the observed spe
trum within a certain acquisition time~such as 0.5 sec in th
CaO-Al2O3-SiO2 glass! might not always reflect the origina
features of irradiation-sensitive materials.

As shown in Fig. 6, the variation of the ELNES of the
K edge during electron irradiation is significant. PeakA ini-
tially increases with electron irradiation, but then decrea
rapidly after 4 sec of irradiation and eventually disappe
after about 6 sec. Referring to its appearance in Figs. 1 an
creating and annihilating peakA are purely electron irradia
tion effects. The width of peakA is about 2 eV, which does

FIG. 5. Intensity variations of the AlL23 and SiL23 edges vs
irradiation time. The illumination conditions are the same as in F
4. Solid lines are guides for eyes. The hatched area indicates
same irradiation period as that in Fig. 3.
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not change during the electron irradiation. Meanwhile,
intensity of peakB continuously decreases and becomes n
ligible as peakA disappears. The intensity at about 536.1
gradually increases and becomes the dominant peak~indi-
cated as peakC! after 6.5 sec of irradiation~as peakA dis-
appears!. The changes of peakD are the same as those o
peakA. It also disappears as peakA disappears. In addition
there is a small bump at about 541.4 eV~indicated as peak
E!, whose change is also associated with that of peakA. All
the peaks in the OK edge and their changes are summariz
in Table I. Obviously, peaksA, D, and E have the same
variation, but peakB decreases while peakC increases dur-
ing the electron irradiation.

In brief, five stages can be distinguished during contin
ous electron irradiation of the glass. In the first stage,
peak A in the O K edge occurs, but peakB dramatically
drops~with Ca!. In the second stage, peakA increases rap-
idly with electron irradiation, while peakB continuously de-
creases. After the second stage, peakA has a relatively con-
stant ~saturated! intensity, while peakB disappears. In the
fourth stage, the intensity of peakA decreases during furthe
irradiation. With continuous irradiation, peakA will disap-
pear completely and this is the fifth stage.

B. Variations of ELNES in ZnO-B 2O3-SiO2 glass

It was found in this study that the ZnO-B2O3-SiO2 glass
is much more sensitive to electron irradiation than is
CaO-Al2O3-SiO2 glass. Milliseconds of irradiation at th
rate of 2.03105 C/cm2 sec will dramatically alter the glas
structure. To generate high signal-to-noise ratio spectra
the observations in this glass are carried out in theareamode
at the saturated extraction voltage~probe current is 0.3 nA!.
The scanned area is divided into a certain number of pix

.
he

FIG. 6. In situ EELS of the OK edge in thespotmode with dose
rate of 23105 C/cm2 sec.
7-4
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TABLE I. Summary of the subpeaks in the O K edge in the CaO-Al2O3-SiO2 and ZnO-B2O3-SiO2 glass,
intensity variations vs irradiation time, and their assignments. The upward and downward arrows re
increase and decrease, respectively.

CaO-Al2O3-SiO2

Peak A B C D E
Energy~eV! 528.8 533.7 536.1 537.9 541.4

Variation ↑ then↓ ↑ ↓ ↑ then↓ ↑ then↓
Assignment O2(p* ) NBO BO O2 O2

ZnO-B2O3-SiO2

Peak A B C D E
Energy~eV! 528.7 533.6 533.6 536.5 543.5

Variation ↑ then↓ ↑ ↓ ↓ ↑
Assignment O2(p* ) NBO B2O3(p* ) SiO2 B2O3
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~e.g., 2563256), and the 0.1-msec exposure time of ea
pixel ~dwell time! is set up by the computer software. For t
sake of accuracy, the pixel dimension should match the pr
size. So the irradiation time should be approximately eq
to the total exposure time of each pixel. It should be no
that each pixel is not exposed to an electron beam cont
ously in the area mode. The ‘‘relaxation’’ may have an effe
on the observations, but the main irradiation effects
dominant in the in situ spectra. This is because mo
irradiation-induced phenomena are irreversible.

Figure 7 shows thein situ EELS of the OK edge in the
ZnO-B2O3-SiO2 glass. For comparison, all spectra ha
been scaled to the intensity of the first major peak from 5
to 550 eV. Two significant changes are seen in Fig. 7: p
B decreases rapidly and continuously during irradiati
along with the occurrence and then disappearance of peaA.
It is seen that peakB eventually disappears and thus resu

FIG. 7. In situ O K edge in the Zn borosilicate glass. The shad
areas denote the integration windows of energy for peakA ~darker!
and peakB ~lighter!.
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in shifts of the threshold of the OK edge toward high energy
In addition, three peaks~marked as peaksC, D, andE! can
be recognized in the last spectrum~6.0 msec! in Fig. 7. It
should be noted that peaksB andC in Fig. 7 are at the same
energy position, but have different origins. This is obtain
from decomposing the OK edge after damage into compo
nents of OK edges in B2O3 and SiO2 ~see later discussion!.

The intensity variation of peaksA andB during irradiation
is shown in Fig. 8, as well as that of the total intensity of t
O. In fact, the intensity curve of peakB should be separate
into two parts. The first part of the curve is dominated by t
variation of peakB and reflects its monotonic decrease w
irradiation, and the second part should be mainly a contri
tion from peakC ~see later discussion!. This is because both

FIG. 8. Variation of the relative intensities of peaksA andB @in
~a!# and the OK edge@in ~b!# vs irradiation time. The shaded are
indicates the period of appearance of peakA.
7-5
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peaks are within the integration energy windows. The se
ration lies between 2.5 and 3.0 msec, but it is difficult
draw a line precisely. Nevertheless, peakB can be considered
to disappear within 3 msec of irradiation. The subsequ
decrease of the curve~after 3 msec! should be the variation
of peakC. PeakA does not exist initially; it is created b
irradiation after about 0.3 msec and remains approxima
constant until after 2.3 msec of irradiation. However, furth
irradiation destroys the peak. It is noted that the variation
peakA is very similar to that of the O intensity@Fig. 8~b!#.
The O intensity initially increases and remains a const
until 2.3 msec of irradiation. Then it continuously decrea
with further irradiation. In general, irradiation-induce
changes in the OK edge in the ZnO-B2O3-SiO2 glass are
similar to those in the CaO-Al2O3-SiO2 glass~Fig. 3!.

The ELNES of the SiL23 edge in the ZnO-B2O3-SiO2
glass show dramatic changes under electron irradiation~Fig.
9!. The changes are similar to those in the CaO-Al2O3-SiO2
glass~Fig. 4!; the amorphous SiO2-like characteristics~peaks
S1, S2, and S3) become more and more distinct. At th
beginning of irradiation, the SiL23 edge has distinct feature
such as the two peaks marked by arrows around 116 eV.~The
origin of these peaks is not investigated in this study.! With
increasing electron dose, these two peaks become close
eventually merge as one peak (S3) at 116 eV. The ZnM23
edge also changes with electron irradiation, but the ELN
of the ZnM23 edge are not fully understood yet. Two pea
(Z1 and Z2) may result from orbital-spin splitting of th
3p1/3 and 3p2/3 states.35

The origin of peaksC, D, and E can be understood b
decomposing the OK edge after 6.0 msec of irradiation i
Fig. 10. The spectrum from a mixed oxide with 40 mol %
B2O3 and 60 mol % of SiO2 fits very well with that in the

FIG. 9. In situ EELS of the ZnM23 and SiL23 edges in the Zn
borosilicate glass. Several reproducible and distinct features ar
dicated.
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damaged glass. In B2O3, the B is coordinated to three oxy
gen atoms, so the first peak is from an antibondingp* or-
bital and the second broad peak is from an antibondings*
~Ref. 36!. As a result, we can assign peaksC andE to thep*
ands* peaks of the B-O trigonal, respectively, and peakD
to the Si-O tetrahedron. It should be noted that with t
added ZnO, the B would likely be in fourfold coordinatio
Therefore the observed peaksC, D, andE are the products of
irradiation, in which peakC is accidentally coincident with
peakB. In the original glass, the B2O3 and SiO2 have the
same amount~50:50!, but the B2O3 becomes less than th
SiO2 ~40:50! after irradiation. This suggests that the B2O3 is
more unstable under electron irradiation than the SiO2 .
Thus, as mentioned above, the decrease of peakC may result
from the breaking of B-O bonding in the B2O3 caused by
electron irradiation.

If the EELS of the OK consist of only Si-O and B-O
interactions after irradiation, where is the Zn-O compone
In fact, the Zn ions in the glass have been neutralized

FIG. 11. Time-resolved electron diffraction patterns from Z
borosilicate glass. They were taken one after another. The expo
time of each is 0.2 sec.

in-

FIG. 10. Decomposition of the OK edge after irradiation dam
age. The energy has been scaled to thep* peak ~284 eV! of the
amorphous C film.
7-6
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FUNDAMENTALS OF HIGH-ENERGY ELECTRON- . . . PHYSICAL REVIEW B 68, 064207 ~2003!
have precipitated into nanometer-scale metallic particl2

Time-resolved diffraction patterns are shown in Fig. 11. F
ure 11~a! is the diffraction pattern of the glass at the beg
ning of electron irradiation. It is typical of an amorphou
material. Then crystallization occurs as seen in Fig. 11~b!. As
the electron dose increases, the crystalline particles g
and diffraction spots can be seen in Fig. 11~c!. The indices of
the diffraction rings are consistent with metallic Zn. Th
conclusion—that the crystalline particles consist of meta
Zn—is also confirmed from EELS analysis in the low
energy-loss range~,40 eV!. The size of the particles is
about 7 nm. More details can be found in Ref. 2.

The formation of the Zn particles in the Zn borosilicate
irradiation is extremely efficient. Within 6 msec of irradia
tion, almost all 60 mol % of ZnO has been converted in
metallic Zn. According to the results shown in Fig. 10, no
is bonded to O after 6.0 msec of irradiation. It should
noted that thermal effects could be excluded from the in
pretation. This is because the normal annealing tempera
of the Zn borosilicate glass is about 600 °C~Ref. 37!, which
is higher than the melting temperature of Zn@about 400 °C
~Ref. 38!#.

IV. DISCUSSION

A. O K-edge ELNES before and after irradiation damage

Experimental spectra from the compositionally equival
crystals may help understand these OK edges in the glasses
but no such crystals exist in either of form
42CaO-25Al2O3-33SiO2 or 60ZnO-20B2O3-20SiO2 . Nev-
ertheless, the OK ELNES has been successfully decompos
into contributions from the Si-O~NBO!, Si-O-Si, and Si-
O-Al configurations in the 42CaO-25Al2O3-33SiO2 glasses
based on multiple-scattering calculations in a modified cr
talline form.39 It is found that NBO dominates in determinin
the threshold of the OK edge; therefore, peakB in Fig. 1 can
be assigned to the NBO peak. Similar results can be expe
in the ZnO-B2O3-SiO2 glass; i.e., peakB in Fig. 7 is due to
the presences of the NBO’s.

Based on Mott and Davis,40 Fig. 12 schematically show
the origin of occupied and unoccupied states in silic
glasses. If an oxygen atom is bound to a single Si, it w
have one unpaired electron in a nonbonding orbital. In s
cate glasses, the cation is neutralized by an NBO in wh

FIG. 12. Schematic drawing of the origin of occupied and u
occupied DOS on NBO in silicate glassed. The left panel is the c
of continuous Si tetrahedra. The middle panel is a Si tetrahed
with on dangling bonded O. In the right panel, a cation is bound
this dangling-bonded O.
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the nonbonding orbital is occupied by two electrons. As
result, the top of the occupied and bottom of the unoccup
states should be sensitive to the presence of NBO’s.

The formation of NBO by introducing cations into silica
glasses will cause the band gap to decrease.41,42 Besides, the
core levels (1s and 2s) of the NBO also shift upward~lower
binding energy! compared with those of the BO.43–45This is
schematically illustrated in Fig. 13. The common explanat
given for this is that the higher effective valence charge
more localized on the NBO than that on the BO. Theoreti
calculations show that more electron charge density occ
on an NBO than on a BO~Ref. 46!. As shown in Fig. 13, the
threshold energy in the EELS is determined by both the co
level energy and band gap;47 therefore, the LDOS located o
the NBO’s should dominate the threshold of the OK edges in
the glasses.

In situ EELS observations in this study found that th
decay of the NBO peak occurs almost simultaneously w
that of the cation~Ca and Zn in two glasses, respectively!.
This is consistent with the argument that the NBO’s in t
glass are associated with the cations. Elimination of the N
by electron irradiation virtually results in threshold ener
shifts of the OK edges toward higher binding energy. Th
threshold shift in the Ca aluminosilicate glass is about
eV. However, the threshold in the Zn borosilicate glass c
not be easily measured, because of the contribution from
increase of peakC ~the p* peak in trigonalB!. In fact, the
intensities of the NBO peaks~peakB! drop very quickly and
eventually disappear. This suggests that the NBO’s are w
links in the silicate network under electron irradiation. A
electron-irradiation-induced decrease of NBO has been
observed by XPS study.48 A similar correlation between the
cation and NBO was also found in alkali silicate glass
under ion beam bombardment.49

In the intermediate stage of irradiation, the appeara
and disappearance of peakA occur in both glasses. The in
terpretation of peakA must consider the fact that it is inde
pendent of the decay of NBO and cation. It is known th

-
se
n

o

FIG. 13. Schematic drawing illustrating the shift of the thres
old energy of theK edge between bridging and nonbridging O. T
experimental data of the OK edges in the CaO-Al2O3-SiO2 ~CAS!
and ZnO-B2O3-SiO2 ~ZBS! glasses are reproduced in the rig
panel.
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many defects in silica or silicates can create unoccup
band-gap states.50 Under electron irradiation, the NBO ca
become an isolated dangling-bonded oxygen site immed
after the removal of the cation. The hole~s! formed by creat-
ing dangling-bonded ONB

0 or ONB
1 may then lift thepp

nonbonding states above the valence-band top edge, w
will be half or completely empty~Fig. 12!.54 In addition, two
isolated dangling-bonded ONB can easily form a peroxy
bond ~O-O!, which could also create unoccupied band-g
states depending on the charge~s! left in the peroxyl bond.54

The densities of these defects should be dependent on
decay of the cation. However, peakA does not show such
direct correlation~Fig. 3!. In contrast with the immediate
decrease of the cation after electron irradiation, there
delayed period before peakA is formed and then increase
Thus these O defects are unlikely to be responsible for
appearance of peakA. It should be noted that all of thes
defects might occur during electron irradiation, but one
the possible reasons for not seeing them in this study is
low efficiency of the currently used EELS detector. Unde
low electron dose rate of illumination, these features may
buried in the high-background and dark-current noises.
der high dose rates, however, peakA may also cover these
features.

As shown in Fig. 3, the intensity variation of peakA is
similar to that of the total O intensity profile. Thus O diffu
sion into the illuminated region should be responsible for
creation of peakA. We suggest, therefore, that peakA should
be related to the formation of molecular O2 clusters or O2
gas bubbles.

In the O2 molecule clusters, the O 2p– O 2p interaction
creates O 2pp* unoccupied~half filled! antibonding states
in the band gap. Thus peakA can be assigned to the trans
tion of the O 1s→2pp* . The spectra of the condensed a
gas phase of O2 have been studied previously, and there i
general agreement on the interpretation of thep* peak.51–54

For comparison, the energy positions of those major peak
O2 are reproduced in Fig. 14. Although there is controve
in interpreting 2ps* states, we can see that peaksD andE
are in agreement with the transitions of the O 1s→2ps* .

FIG. 14. Comparison of the OK edge in irradiated silicate glas
with that from O2 gas. The OK edge in O2 gas is reproduced from
Ruckmanet al. ~See Ref. 54!.
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This suggestion is consistent with thein situ EELS observa-
tions that show peakA, D, andE have same variation with
electron irradiation~Table I!. In the Zn borosilicate glass
however, thep* peak in the O2 is very weak: hence, the
corresponding peak due to thes* cannot be recognized in
the spectra.

B. Irradiation mechanisms

Generally, several mechanisms, such as knock-on, ion
tion, and field-induced migration, should be involved sim
taneously in the interaction of high-energy electrons w
solids. However, knock-on by the high-energy electrons c
not be the major interaction for those observed irradiat
phenomena. For example, the Ca is the heaviest atom in
Ca aluminosilicate glass, but it is the only element to
driven out of the irradiation region during the initial electro
irradiation. The ionization process is believed to be the do
nant damage mechanism in the initial stage of irradiation
addition, the temperature rise effects are also less impor
than the ionization damage.2

It is known that the region of the specimen under t
center of the incident electron beam will be positive
charged due to ionization.55 Excited by the primary inciden
electrons, a large amount of secondary and Auger elect
can be generated in the irradiated region. The average ‘‘l
time’’ of these generated electrons@1024– 100 sec~Ref. 56!#
is much longer than the passing time of the incident elect
through the sample@;10215 ~Ref. 57!# as well as the ion-
ization time@;10215 sec#. Electrical equilibrium cannot be
quickly restored within an ionization process, and thus po
tive charge is rapidly built up in the electron-illuminate
area. However, a dynamic equilibrium could eventually
established because of the attraction to secondary and/or
ger electrons.

In silicate glasses, the species with the highest ionic
based on the Pauling electronegativities58 are the unstable
under the electron irradiation, such as Ca in t
CaO-Al2O3-SiO2 and Zn in the ZnO-B2O3-SiO2 glass. This
is because a positive electric field can be generated by e
tron irradiation.27 However, this cannot be simply considere
as the only reason for irradiation damage. Based on thin
situ EELS observations, the removal of Ca in the Ca alum
nosilicate glass immediately induces changes in the SiL23
edge~both intensity and ELNES!, but has little effects on the
Al L23 edge~Fig. 6!, although Ca is bound to both the Si an
Al tetrahedra. We suggest, therefore, that instabilities of c
ions in silicate glasses should be associated with the lo
ization of the DOS on the NBO’s.

It is known that one of the features in disordered syste
is the localization of the DOS—i.e., spatial confinement
the vicinity of predominantly a single atomic site, due
either the fluctuations in short-range order or the occurre
of short-range disorder in nonbonded atoms.59,60These local-
ized states are more likely in the band tails.61 NBO may also
result in the localized DOS. Both experiments and theoret
calculations on sodium silicate glasses have confirmed
dominant O 2p contribution from NBO to the top of the
occupied states.62 These states are found to be highly loca
7-8
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ized on the NBO~Ref. 63!. According to the experiments o
the drift mobility in a-SiO2 , Hughes reported that there wa
no charge transport due to the holes.64 Based on the above
knowledge, we believe that electron-irradiation-induc
holes on the NBO’s are highly localized and hence ha
reasonably long lifetimes. It should be noted that unlike
occupied states, the unoccupied states are not local
which is also confirmed experimentally and theoretically.65,66

Here we suggest a modified Knotek-Feibelm
mechanism67 to explain that the double-ionization process
on the NBO’s may enhance the instabilities of the catio
under electron irradiation. In the original Knotek-Feibelm
model, the intra-atomic and interatomic Auger decays of
core hole~s! may turn an anion into a positively charged io
and, thus, into a totally repulsive potential. However, t
cations are seldom seen to move in the Knotek-Feibelm
model.68 For the sake of simplicity, we consider the config
ration of Si-ONB-M (M5Ca or Zn!. Several Auger decay
channels may create two holes in the NBO’s. Excited
incident electrons, an O 1s or 2s ~Refs. 69 and 70! core hole
can be created, and the subsequent deexcitation process
result in the formation of two valence holes~one valence
electron fills the O core hole and another is ejected as
Auger electron!. In addition, the interatomic Auger deca
from the transition of the valence electron of the O atom
the highest core hole in the cation could also accomp
double ionization of the NBO ion. As discussed above, th
holes should be highly localized in the NBO’s. In the co
figuration of the Si-ONB-M , it is presumed that the Si-ONB is
the covalent bond, while the ONB-M is an ionic bond, arising
from electrostatic attraction. Once two holes are created
an ONB andM bond, the attractive electrostatic force betwe
the ONB-M becomes repulsive. If the lifetime of the holes
long enough, which we believe from the localized states,
cation is released from the network. Driven by the repuls
electrostatic interaction, the breakaway Ca is easily remo
from the electron-illuminated area. This is consistent w
the experimental observations in Fig. 3 that only the EE
intensity of the CaL23 edge decreases dramatically duri
the initial irradiation.

C. Diffusion of Si and O and the formation of O2

Under electron irradiation, cations are driven away fro
their original sites. If the irradiated area is small, such as
use of a subnanometer probe in STEM, the cations will
grate into the adjacent region and leave a large amoun
vacancies in the irradiated region. It should be noted t
such diffusion processes are not driven by chemical po
tials, but by repulsive electrostatic forces generated by
process of losing electrons in the irradiated region. From
microscopic point of view, the repulsive forces could be
rectly from the nearby NBO, which loses two electrons fro
the Auger process. From the macroscopic point of view,
repulsive forces could also come from the positive poten
within the irradiated region.27 Therefore, the vacancies le
by cations are not necessary to be negatively or positiv
charged.

According to thein situ EELS observations, the EELS
intensities of the SiL23 edges significantly increase durin
06420
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the initial stage of electron irradiation~Fig. 8!. As shown in
Fig. 3, the EELS intensity of the OK edge also has a sligh
increase at lower-dose-rate irradiation, but it becomes
nificant under higher dose rate~Fig. 6!. This suggests that the
cation vacancies can be partly filled by Si and partly by
Once the Si fills the cation vacancies, the NBO’s will b
converted into BO’s. This is confirmed by the experimen
results that the tetrahedral characteristics of the ELNES
the SiL23 edge become more and more distinct within 20 s
of irradiation~Fig. 4!. Once the O fills the cation vacancie
O2 may form. Under this suggestion, the amount of O2 clus-
ters should be dependent on the amount of diffused O fr
the adjacent region. This is also consistent with what
have seen in thein situ EELS observations~Fig. 6!. It should
be noted that the transformation of NBO to BO and the f
mation of O2 are processes that make the electron cha
balanced. Under electron irradiation, such electron cha
balances can be easily fulfilled locally by the absorption a
emission of electrons through the dynamic processes of
ization and de-ionization.

It should be noted that the reaction of the diffused O fro
adjacent region with NBO’s in the irradiated region is
competition with that of the diffused Si. However, the dri
ing force for the diffusion is not clear at present. The
diffusion is probably caused by electrical attraction induc
by electron irradiation, while exchange between Si and
cations might result in Si diffusion.71 Under this assumption
O diffusion is much easier under high-dose irradiation th
low dose. A relatively high O diffusion rate under high-do
irradiation results in the high intensity of EELS of the O2
clusters.

Molecular O2 might diffuse out from the surfaces int
vacuum or segregate together to form O2 clusters or even gas
bubbles. These should be composition~i.e., NBO amount!
and irradiation dose rate dependent. A dynamic equilibri
can be expected, thus resulting in the third~saturated! stage
of irradiation observed in Fig. 3. Since the O2 is formed by
reaction of the diffused O with NBO, the amount of O2 will
decrease under further irradiation once the NBO’s have b
all consumed. As indicated in Fig. 6, beyond a certain ti
of irradiation, no O2 can be detected no matter how long t
sample is continuously exposed to electron irradiation.

D. Participation of metal particles and phase separation

The removed cations may capture secondary and/or Au
electrons and thus be neutralized into atoms with a cer
kinetic energy. The nucleation and growth of cation partic
may occur once the dimension of the accumulated ca
atoms exceeds a critical value. So precipitation of the m
particles is also NBO dependent since the cations bindin
NBO are likely to be removed. With larger amounts of NB
a larger amount of cations can be released; hence, there
higher chance to form particles. For example, we have
served the Zn particle precipitation from th
ZnO-B2O3-SiO2 in this study~Fig. 11!.

In addition, the released cations may also fill the vac
cies left by the Si that diffuse into the irradiated region.
there is also the possibility to form cation-O clusters, whi
7-9
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have been observed in a multicomponent alkaline-e
boroaluminosilicate glass.72 Based on thein situ EELS ob-
servations and suggested mechanisms, electron irradia
has tendency to create a NBO free region, hence indu
separation of the glass phase into cation-rich and -p
regions.

V. CONCLUSIONS

In summary, cations, as glass network modifiers, alo
with the NBO’s, are very sensitive to electron irradiatio
This probably arises from the highly localized DOS on t
NBO-cation bonds. A series of irradiation effects, in fact, a
induced by the tendency to eliminate NBO’s in the regi
under irradiation. Phase separation into cation-rich and -p
regions is thus an unavoidable trend for silicate glasses. D
ing the reconstruction under irradiation, some of the NBO
are converted into BO’s, with diffusion of Si~or B!, while
some form O2 molecules or clusters, with diffusion of O
These various processes are in competition and depen
the irradiation rate and glass composition. At higher rates
irradiation, larger amounts of O2 are formed. O2 molecules
or O2 clusters may diffuse into vacuum from the surfac
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