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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-probg2.2 A) scanning transmission electron microscope. Two silicate glasses GaR-8I0,
and ZnO-BO;-Si0O, are examined. It is found that the nonbridging oxy@®iBO) 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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[. INTRODUCTION been reported In situ data in silicate glasses, however, are
limited, althoughin situ observation using x-ray photoelec-
Irradiation effects in glasses have attracted much studyjron spectroscopyXPS) has been reported.in this article,
since they not only affect the interpretation of experimentalwe present our recent studies on irradiation effects in silicate
results associated with glasses, but also promise an efficiegtasses byin situ electron-energy-loss spectroscof@BELS)
approach to modify the electronic and optical properties oin the electron microscope and discuss the fundamental
glasses. Recently, the precipitations of nanometer metallimechanisms of the interactions of high-energy electrons with
particles induced by electron irradiation have been reportedilicate glasses at atomic level.
in Zn borosilicate glassésand Cu-doped SiQ(Ref. 3. The In EELS, fast electrons that lose characteristic amounts of
existence of nanometer particles may improve the nonlineagnergy to electronic excitations in electron-irradiated materi-
optical properties of these glasseShere is also evidence als are recorded by an electron spectrometer. It has devel-
showing that nanoscale modification of the optical propertiegped into an established technique for chemical analysis, and
in Ge silicate glasses can be obtained by a high-energy e|e@1ectron-energy—loss near-edge fine structtE&NES) in
tron beant. Various mechanisms have been introduced tacore edges has also been used to probe the electronic struc-
interpret irradiatio_n_ effects in glasses, suc_h as ion migrationy e of materiald?-18 Recently, there has been substantial
phase decomposition, gas bubble formation, and even Clyfyierest in applying ELNES to obtain the local structural en-
tallization n d'ﬁere’_“ gla_lss_e%.'l_'wo broad categories. of vironment of the atom undergoing an electron excitation.
processes—i.e., radlolys(mnlzatlon_and e_Ie_ctromc excita- Briefly, the idea is that EELS probes the unoccupied local
tion processgsand knock-on(elastig coliisions—are in- density of state$ DOS), which is mainly determined by the
volved in high-energy electron-solid interactions. However, . : )
) . L . ’short-range order if short-range interactions between elec-
the fundamental understanding of irradiation mechanisms in

glasses at the atomic level is limited and is highly desirabldons are do”_“”_a”’ﬁ For ex?‘mp'e’ the_ EELS of the .$'2§
in order to predict modification by electron beams. edges have similar ELNES in many Si@lated material$,
Over several decades of studies. there is no doubt cord Which the Si have the same nearest neighbors. The calcu-

ceming the @ evolution in electron-irradiated silicate !ated electronic structures of both crystalline and amorphous

glassed? It is suggested that the migration of cations from SiO, are also roughly similar, although there are differences
the center of the irradiated region to the periphery may bdn detail?” So EELS can promisi situ studies of electron-
relevant to the liberation of oxygen, hence leading to thdrradiation-induced changes in the local structure, chemistry,
nucleation of gas bubblé$! The cations might diffuse to and electronic density of states, thus revealing the fundamen-
the sites of trapped electrons, thus forming neutralizedal mechanisms of electron irradiation effects. In combina-
clusterst? Many techniques have been used to examine th&ion with electron microscopy, providing high spatial resolu-
post-irradiated silicate glassts:* Recently, directin situ tion, it is also possible to achieve simultaneous records of
observation of electron-irradiated Si@olymorphs has also both EELS and image signals.
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Il. EXPERIMENT T T T — = =

300 -CaO-Alzoa-SiO2 —1s

Two silicate systems have been used in this study; the D — s
are calcium aluminosilicate (42Ca0O-258k-33Si0,) and *

zinc borosilicate (60Zn0O-2083-20Si0,) (in mol %)
glasses, respectively. Electron microscope specimens we 2¢¢
prepared by grinding the glass into a powder in acetone ang
mounting suspended pieces on a holy-carbon-film-covere @
copper grid. The sizes of glass particles are in the range <3
20-100 nm. This has the advantage that there is less col
tamination on glass surfaces. The glasses used in this stut
are visually homogeneous; no phase separation has been ¢
served in the initial electron irradiation.

The glasses were observed and analyzed in the Corne

VG HB501 100 kV UHV scanning transmission electron mi- 0 pe
croscope (STEM), equipped with an annular dark field 325 530 535 540 545 550
(ADF) single-electron sensitivity detectdrand a parallel Energy loss (eV)

electron-energy-loss spectrometéiThe attainable electron

probe size in the Cornell STEM is about 2.2 A in full width ~ FIG. 1. In situ EELS of the OK edge in thespotmode with dose

at half maximum(FWHM), and the saturated current inten- rate of 2<10* C/cn? sec. The high-voltage stability has been con-
sity of the probe is about 0.3 nA. The energy stability of thefirmed by comparing the peak positions of th& in the CK edge
spectrometer is about 0.03 eV/min, and the energy resolutiold amorphous carbon thin film before and after recording these
of EELS is about 0.7 eV. More details of this instrument canSPectra.

be found elsewher®. The pressure in the microscope was N
10" Torr, and no specimen contamination from carbonmomentum transition) the EELS of the OK edge probes

was detected during experiments. the unoccupied states with Opdike symmetry, while the

Basically, two illumination modes can be achieved in thel 23 edges in Ca, Al, and Si project thelike and d-like -
STEM: a scanning mode and a spot mode. In the scanningfates. In experiments, all the energies of the core-level ion-
mode or called thearea mode, the subnanometer electron ization have been scaled to the peak at 284 eV of the C
probe is scanned either along a liffer instance, an illumi- K edge in amorphous carbon thin films. The backgrounds of
nating area of about 2.2 %1280 A) Oor across an aréa_g_, the Spectra have been properly fitted and subtracted from the
1280 Ax 1280 A in areon the specimen to generate EELS Original EELS data. No d_econ\_/oluti(_)n has been done to cor-
signals. This reduces the influence of irradiation effects. Ife€ct the multiple scattering, since it does not have a large
the spot mode, the electron is fixed on a selected location€ffect on the near-edge structurés.

(about 2 AX2 A in area controlled by a computer. Incident

electrons are precisely concentrated in a small redrn . RESULTS

more than 5A<5A in area including beam broadening
effect®) and thus can probe physics and chemistry properties
on a subnanometer scale. Obviously, a small probe is essen- Thein situ ELNES of the OK edges are shown in Fig. 1,
tial in studies of irradiation effects. For instance, diffusion onin which the spectra were generated using $pet mode

a nanometer scale induced by irradiation is then detectabléwith an electron probe current intensity 6f0.03 nA), and
which is crucial for understanding probe and specimen interthe estimated electron dose rate is about 2.0
actions. From the macroscopic point of view, positive X 10* C/cn? sec. No effort has been done to align the inten-
charges can be built up in insulator materials by electron andities of these time-resolved spectra to any reference. Two
x-ray irradiation?’ The charging effects usually cause the significant changes are seen: the drop of the intensity
sample drift in TEM. Practically, the drift can be minimized around 533.7 eMmarked as peaB) and the appearance of

in the STEM with the use of a subnanometer probe. This ishe peak at-528.8 eV (marked as peald). PeakB drops
probably because using a subnanometer probe in STEM, cadramatically in the first 2 sec of irradiation and continuously
ions may easily move into the adjacent region; thereforedecreases with electron irradiation. As a result, the threshold
neutrality is restored within the proB5&. of the OK edge shifts toward high energy after 10 sec of

The results of this study largely rely on the EELS of the Oirradiation. On the contrary, peak does not appear until
K edge. In addition, the EELS of the €33, Al L,3, and Si  after 5 sec of irradiation, and it increases in 10 sec. In addi-
L,; edges are also observed. A simple model of singletion, several minor changes are also seen in Fig. 1. For in-
electron transitions can be used to interpret the deep corestance, the intensity at 537.9 gihdicated as peab) in-
shell excitations, since many-body effects can be treated ageases gradually with electron irradiation and finally forms
perturbations to the single-particle transitidiidn a solid,  a significant peak after 10 sec.
the unoccupied states result from the interactions of the outer Thein situ EELS of the Cal ,; edges in this glass have
orbital of atoms and thus are a mixture of atomic statesalso been observed under the same conditions as in Fig. 1
Restricted by the dipole selection ruleSIE& = 1) for small  and are shown in Fig. 2. It is seen that the ELNES of the Ca

A. Variations of ELNES in CaO-Al ,03-SiO, glass
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FIG. 2. In situ EELS of the Cal.,; edge in thespotmode with /J/ ]
dose rate of X10* C/cn? sec. The inset is a comparison of two I I Lo .
spectra recorded at 1 and 15 sec, respectively, which are scaled to 70 80 90 100 110 120 130

the same height of the first peak.
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L,3 edge has little change during the irradiation, but the in-  FIG- 4. In situ EELS of the AlL ;5 and Sil 3 edges in thespot

tensity drops significantly.

The time-resolved total intensities of the Cg and OK
edges and the relative intensities of peAkandB to the total
intensity of the OK edge, as well as the ADF intensities
(recorded simultaneously with the EELS spertaee plotted
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FIG. 3. Intensity variations of the & and the corresponding

ADF signal(on the top, Cal ,; edges and peaR (in the middle,
and peakA (on the bottom vs irradiation time. The illumination

mode with dose rate of:210* C/cn? sec.

in Fig. 3. (The EELS intensities, throughout this paper, are
normalized to the first observation. Although the data are
scattered due to the low signal-to-noise ratio, the O intensity
exhibits an increasing trend, which is unexpected in terms of
the knock-on damage mechanism since oxygen is the lightest
element in the glass. It is noted that the decay of the EELS
intensity of peakB in the O K edge seems related to the
decay of the Ca; both the Ca concentration and fakthe

O K edge decrease rapidly. About half of the calcium is left
after 16 sec of irradiation while the intensity of peBldis-
appears. It should be noted that péakccidentally shows a
similar decay rate to the Ca due to an arbitrary selection of
the energy windows for integrating the intensity of pdak
The intensity from the pre-edge tails of other peéksch as
peak C) may contribute to the integrated results. It is seen
that the variation of the EELS intensity of peAkis signifi-
cantly different from that of peaB. PeakA does not exist
until after a certain initial amount of irradiation. Then there
is a short period during which the intensity of peAkin-
creases with irradiation, and after that the intensity remains
approximately constant.

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

The in situ ELNES of the Al and SiL,; edge under the
same experimental conditions as in Figs. 1 and 3 are shown
in Fig. 4. The AIL ,; edge shows little changes within 20 sec,
which is twice longer than the observation period of th& O
edge in Fig. (10 seg¢. PeaksAl, A2, andA3 can always be
recognized. Although the 3i,5; edge is on the tail of the Al

conditions are the same as in Figs. 1 and 2. The intensity of the & €dge, the ELNES of the Si,3 edge do show significant

K edge is integrated over the first major pgaR5-550 eV, and
that of the Cd_,5 edge is over both ; andL, peaks. The intensities
of peaksA andB are scaled to the intensity of the KDedge. The
dotted line is a guide for the eyes.

changes within 20 sec of electron irradiation. After the elec-
tron irradiation, the amorphous Sjdlke features become
more and more distinct: pea&l at 106 eV(Ref. 33 can

be recognized, peag2 at 108.3 eV becomes narrower and
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FIG. 5. Intensity variations of the Al,; and SiL,; edges vs /\\_\_‘.—’_/z,f
irradiation time. The illumination conditions are the same as in Fig. /\ 5s
4. Solid lines are guides for eyes. The hatched area indicates the 0s
same irradiation period as that in Fig. 3. /’\ g
sharper, and the peak at 117 eV disappears, leaving a single 055
peak S3) at 116 eV(Ref. 34. After a long time of irradia-
tion (60 seg, however, an extra pedindicated by an arroyw i . .
at about 80 eV appears in the A}; edge and the threshold 520 530 540 550 560
energy of the AlL,; edge shifts towards low energy. The Energy loss (eV)
lliEkLeNES of the Sil.,; edge becomes more and m@eSiO, FIG. 6. In situ EELS of the OK edge in thespotmode with dose

The corresponding variation of the total intensities of therate of 2x10° Clent sec.

Al L,z and SiL,3 edges is given in Fig. 5. It should be noted
that the intensity of the Si,; edge includes the background
from the tails of the AIL,3; edge, which is difficult to be
subtracted. The results in Fig. 5 are obtained by dividing th
total intensity under the Si,; edge(in Fig. 4) by the inte-
grated intensity of the AL,; edge with the same energy
window. Therefore the resulting curve in Fig. 5 approxi-
mately represents the Si variation trend. As shown in Fig. 5
the EELS intensity of the Si increases rapidly within 20 se
of irradiation and that of the Al has a slow increase. In a brie
summary, the illuminated region loses Ca, but gains all oth
elements during the electron irradiation within the initial ob
servation period.

By increasing the beam current to 0.3 (& the saturated
extraction voltage—i.e. an electron dose rate of 2.0
X 10° Clent? sec—Fig. 6 shows the dramatically changed

E.L.NES of th_e OK edge by electron irradiation. The _acqui- drops(with Ca). In the second stage, peékincreases rap-
sition of the first spectrurtlabeled as 0§ was started inan v/ \yith electron irradiation, while peal continuously de-

undamaged area. The irradiation time is considered to b@reases After the second stage, pAdias a relatively con-
approximately identical with the acquisition time of the spec- tant (saturated intensity, while peakB disappears. In the

trum. So in terms of electron dose, the first spectrum shoulg, 4, siage, the intensity of peakdecreases during further
be similar to the spectrum with 5 sec of irradiation in Fig. 1, agjation. With continuous irradiation, peak will disap-
and they are indeed almost identical. In other words, operatﬁe‘,:lr completely and this is the fifth stage

ing the(S) TEM under normal conditions, the observed spec-
trum within a certain acquisition timgsuch as 0.5 sec in the - . .
Ca0-ALO;-SiO, glass might not always reflect the original B. Variations of ELNES in Zn0O-B,04-SIO; glass
features of irradiation-sensitive materials. It was found in this study that the ZnO,8;-SiO, glass

As shown in Fig. 6, the variation of the ELNES of the O is much more sensitive to electron irradiation than is the
K edge during electron irradiation is significant. Pealni- CaO-ALO;-SIO, glass. Milliseconds of irradiation at the
tially increases with electron irradiation, but then decreasesate of 2.0< 10° C/cn? sec will dramatically alter the glass
rapidly after 4 sec of irradiation and eventually disappearstructure. To generate high signal-to-noise ratio spectra, all
after about 6 sec. Referring to its appearance in Figs. 1 and e observations in this glass are carried out indfeamode
creating and annihilating peak are purely electron irradia- at the saturated extraction voltag@obe current is 0.3 nA
tion effects. The width of peak is about 2 eV, which does The scanned area is divided into a certain number of pixels

not change during the electron irradiation. Meanwhile, the
intensity of pealB continuously decreases and becomes neg-
ligible as peakA disappears. The intensity at about 536.1 eV
G‘gradually increases and becomes the dominant |piealk-
cated as peak) after 6.5 sec of irradiatiofas peakA dis-
appears The changes of peaR are the same as those of
peakA. It also disappears as peakdisappears. In addition,
there is a small bump at about 541.4 @kdicated as peak
), whose change is also associated with that of peakl

the peaks in the & edge and their changes are summarized
h Table I. Obviously, peak#\, D, and E have the same
“variation, but pealB decreases while pedk increases dur-
ing the electron irradiation.

In brief, five stages can be distinguished during continu-
ous electron irradiation of the glass. In the first stage, no
peak A in the O K edge occurs, but peaR dramatically
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TABLE |. Summary of the subpeaks indlD K edge in the CaO-AD;-SiO, and ZnO-B0Os;-SiO, glass,
intensity variations vs irradiation time, and their assignments. The upward and downward arrows represent
increase and decrease, respectively.

CaO-ALO;-SiO,
Peak A B C D E
Energy(eV) 528.8 533.7 536.1 537.9 541.4
Variation 1 then| 1 1 1 then| 1 then|
Assignment Q(7*) NBO BO (0} 0o,
Zn0-B,05-Si0,
Peak A B C D E
Energy(eV) 528.7 533.6 533.6 536.5 543.5
Variation 1 then| ) 1 l T
ASSignment 9(77*) NBO 8203( ’77*) S|02 8203

(e.g., 256<256), and the 0.1-msec exposure time of eachn shifts of the threshold of the & edge toward high energy.
pixel (dwell time) is set up by the computer software. For the In addition, three peak@narked as peak€, D, andE) can
sake of accuracy, the pixel dimension should match the problke recognized in the last spectru®0 mse¢ in Fig. 7. It
size. So the irradiation time should be approximately equashould be noted that peaBsandC in Fig. 7 are at the same
to the total exposure time of each pixel. It should be notedenergy position, but have different origins. This is obtained
that each pixel is not exposed to an electron beam continudfrom decomposing the & edge after damage into compo-
ously in the area mode. The “relaxation” may have an effectnents of OK edges in BO; and SiQ (see later discussion
on the observations, but the main irradiation effects are The intensity variation of peak&andB during irradiation
dominant in thein situ spectra. This is because most is shown in Fig. 8, as well as that of the total intensity of the
irradiation-induced phenomena are irreversible. O. In fact, the intensity curve of pedkshould be separated
Figure 7 shows thén situ EELS of the OK edge in the into two parts. The first part of the curve is dominated by the
Zn0-B,05-SiO, glass. For comparison, all spectra havevariation of peakB and reflects its monotonic decrease with
been scaled to the intensity of the first major peak from 530rradiation, and the second part should be mainly a contribu-
to 550 eV. Two significant changes are seen in Fig. 7: peakion from peakC (see later discussionThis is because both
B decreases rapidly and continuously during irradiation,
along with the occurrence and then disappearance of Aeak 0.2
It is seen that peaB eventually disappears and thus results

ZnO-BZO 3-Si02
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FIG. 7. In situ O K edge in the Zn borosilicate glass. The shaded FIG. 8. Variation of the relative intensities of peaksndB [in

areas denote the integration windows of energy for peéttarke) (a)] and the OK edgelin (b)] vs irradiation time. The shaded area
and peakB (lighter). indicates the period of appearance of péak
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FIG. 10. Decomposition of the ®& edge after irradiation dam-
"'ﬂ\‘,/\/ age. The energy has been scaled to #ffepeak (284 e\) of the
. amorphous C film.
~3.7eV ZnO-B,0,-SiO, _
i , , , , damaged glass. In B3, the B is coordinated to three oxy-

gen atoms, so the first peak is from an antibondirig or-

80 % 100 110 120 130 140 bital and the second broad peak is from an antibonditig
Energy Loss (eV) (Ref. 36. As a result, we can assign peakandE to the 7

FIG. 9. In situ EELS of the ZnM ,; and SiL ,3 edges in the Zn and o™ peaks of the B-O trigonal, respectively, and péak

borosilicate glass. Several reproducible and distinct features are in? the Si-O tetrahedron. !t ShOUId_ be noted that _With the
dicated. added ZnO, the B would likely be in fourfold coordination.

Therefore the observed peaBsD, andE are the products of
peaks are within the integration energy windows. The sepaitradiation, in which pealC is accidentally coincident with
ration lies between 2.5 and 3.0 msec, but it is difficult topeakB. In the original glass, the 5 and SiQ have the
draw a line precisely. Nevertheless, p&a&an be considered same amount50:50, but the BO; becomes less than the
to disappear within 3 msec of irradiation. The subsequen8iO, (40:50 after irradiation. This suggests that the@ is
decrease of the curv@fter 3 msegshould be the variation more unstable under electron irradiation than the ,SiO
of peakC. PeakA does not exist initially; it is created by Thus, as mentioned above, the decrease of faalay result
irradiation after about 0.3 msec and remains approximatelfjrom the breaking of B-O bonding in the,B; caused by
constant until after 2.3 msec of irradiation. However, furtherelectron irradiation.
irradiation destroys the peak. It is noted that the variation of If the EELS of the OK consist of only Si-O and B-O
peakA is very similar to that of the O intensityFig. 8b)]. interactions after irradiation, where is the Zn-O component?
The O intensity initially increases and remains a constanin fact, the Zn ions in the glass have been neutralized and
until 2.3 msec of irradiation. Then it continuously decreases
with further irradiation. In general, irradiation-induced
changes in the & edge in the ZnO-BO;-SiO, glass are
similar to those in the CaO-AD;-SiO, glass(Fig. 3.

The ELNES of the SiL,; edge in the ZnO-BO;-SiO,
glass show dramatic changes under electron irradidfan
9). The changes are similar to those in the Ca@itSio,
glass(Fig. 4); the amorphous Siglike characteristicgpeaks
S1, S2, and S3) become more and more distinct. At the
beginning of irradiation, the Si,; edge has distinct features
such as the two peaks marked by arrows around 116Téi
origin of these peaks is not investigated in this studyVith
increasing electron dose, these two peaks become closer and
eventually merge as one peag3) at 116 eV. The ZrM ,;
edge also changes with electron irradiation, but the ELNES
of the ZnM ,; edge are not fully understood yet. Two peaks
(Z1 andZ2) may result from orbital-spin splitting of the
3py3 and 3,5 states’®

The origin of peaksC, D, and E can be understood by
decomposing the & edge after 6.0 msec of irradiation in  FIG. 11. Time-resolved electron diffraction patterns from Zn
Fig. 10. The spectrum from a mixed oxide with 40 mol % of borosilicate glass. They were taken one after another. The exposure
B,O3 and 60 mol % of SiQ fits very well with that in the time of each is 0.2 sec.
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Si-0-Si Si-0- Si-0:M* bos BO NBO B¢ O K-edge in CAS
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Si sp’ op Si sp? op
525 530 535 540 545 550
Energy (eV)
Oesuaieg sitss B $ O K-edge in ZBS

FIG. 12. Schematic drawing of the origin of occupied and un-
occupied DOS on NBO in silicate glassed. The left panel is the case
of continuous Si tetrahedra. The middle panel is a Si tetrahedror @ g AEy.| OlIs
with on dangling bonded O. In the right panel, a cation is bound to _
this dangling-bonded O.

525 530 535 540 545 550
AE = AEgap + AEcore Energy (eV)

have precipitated into nanometer-scale metallic particles.
Time-resolved diffraction patterns are shown in Fig. 11. Fig- FIG. 13. Schematic drawing illustrating the shift of the thresh-
ure 1Xa) is the diffraction pattern of the glass at the begin-old energy of the&k edge between bridging and nonbridging O. The
ning of electron irradiation. It is typical of an amorphous experimental data of the & edges in the CaO-AD;-SiO, (CAS)
material. Then crystallization occurs as seen in FighllAs ~ and ZnO-BO;-SiO, (ZBS) glasses are reproduced in the right
the electron dose increases, the crystalline particles grov@anel-
and diffraction spots can be seen in Fig(d1The indices of
the diffraction rings are consistent with metallic Zn. This
conclusion—that the crystalline particles consist of metallic
Zn—is also confirmed from EELS analysis in the low-
energy-loss rangé<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 by
irradiation is extremely efficient. Within 6 msec of irradia-
tion, almost all 60 mol% of ZnO has been converted into

the nonbonding orbital is occupied by two electrons. As a
result, the top of the occupied and bottom of the unoccupied
states should be sensitive to the presence of NBO's.

The formation of NBO by introducing cations into silicate
glasses will cause the band gap to decré&éeBesides, the
core levels (% and %) of the NBO also shift upwardower
binding energy compared with those of the B8-*This is
schematically illustrated in Fig. 13. The common explanation
metallic Zn. According to the results shown in Fig. 10, no Zn ?T:\éfg Il;ocra'igz o;so;hatetrllleBg%EgL f::tchih\;algg??rﬁgg:ggcz

is bonded to O after 6.0 msec of irradiation. It should be . -
noted that thermal effects could be excluded from the interpalculatlons show that more electron charge density occurs

pretation. This is because the normal annealing temperatu%n an NBO than on a BRef. 46. As shown in Fig. 13, the
of the Zn borosilicate glass is about 600 (Ref. 37, which reshold energy in the EELS is determined by both the core-

o . >~ level energy and band gdptherefore, the LDOS located on
I(SR:;ggg] than the melting temperature of fabout 400 °C the NBO's should dominate the threshold of th&@dges in

the glasses.
In situ EELS observations in this study found that the

IV. DISCUSSION decay of the NBO peak occurs almost simultaneously with
that of the cation(Ca and Zn in two glasses, respectively
This is consistent with the argument that the NBO's in the

Experimental spectra from the compositionally equivalentglass are associated with the cations. Elimination of the NBO
crystals may help understand thes&K@dges in the glasses, by electron irradiation virtually results in threshold energy
but no such crystals exist in either of form shifts of the OK edges toward higher binding energy. The
42Ca0-25AJ05-33Si0, or 60Zn0-20B03-20Si0,. Nev-  threshold shift in the Ca aluminosilicate glass is about 2.1
ertheless, the & ELNES has been successfully decomposeceV. However, the threshold in the Zn borosilicate glass can-
into contributions from the Si-QNBO), Si-O-Si, and Si- not be easily measured, because of the contribution from the
O-Al configurations in the 42Ca0O-25/D,-33Si0; glasses increase of peake (the #* peak in trigonalB). In fact, the
based on multiple-scattering calculations in a modified crysintensities of the NBO peakgeakB) drop very quickly and
talline form° It is found that NBO dominates in determining eventually disappear. This suggests that the NBO's are weak
the threshold of the & edge; therefore, pedkin Fig. 1 can  links in the silicate network under electron irradiation. An
be assigned to the NBO peak. Similar results can be expectegectron-irradiation-induced decrease of NBO has been also
in the ZnO-B,05-SiO, glass; i.e., peaB in Fig. 7 is due to  observed by XPS stud{.A similar correlation between the
the presences of the NBO’s. cation and NBO was also found in alkali silicate glasses

Based on Mott and Davi€ Fig. 12 schematically shows under ion beam bombardmefit.
the origin of occupied and unoccupied states in silicate In the intermediate stage of irradiation, the appearance
glasses. If an oxygen atom is bound to a single Si, it willand disappearance of pedkoccur in both glasses. The in-
have one unpaired electron in a nonbonding orbital. In sili-terpretation of peald must consider the fact that it is inde-
cate glasses, the cation is neutralized by an NBO in whiclpendent of the decay of NBO and cation. It is known that

A. O K-edge ELNES before and after irradiation damage
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' ' ] This suggestion is consistent with thesitu EELS observa-
[ O K-edge D Ca0-AL0,-Si0, tions that show peal, D, andE have same variation with
electron irradiation(Table ). In the Zn borosilicate glass,
however, ther* peak in the Q is very weak: hence, the
corresponding peak due to tlhe® cannot be recognized in
the spectra.

B. Irradiation mechanisms

Generally, several mechanisms, such as knock-on, ioniza-

tion, and field-induced migration, should be involved simul-
] taneously in the interaction of high-energy electrons with
525 550 555 5"‘0 5"‘5 550 555 solids. Howevgr, kpock—on by the high-energy elec_trons can-
not be the major interaction for those observed irradiation
phenomena. For example, the Ca is the heaviest atom in the

FIG. 14. Comparison of the & edge in irradiated silicate glass Ca aluminosilicate glass, but it is the only element to be
with that from Q gas. The CK edge in Q gas is reproduced from driven out of the irradiation region during the initial electron
Ruckmanet al. (See Ref. 5% irradiation. The ionization process is believed to be the domi-

nant damage mechanism in the initial stage of irradiation. In
many defects in silica or silicates can create unoccupiedddition, the temperature rise effects are also less important
band-gap state¥. Under electron irradiation, the NBO can than the ionization damade.
become an isolated dangling-bonded oxygen site immediate It is known that the region of the specimen under the
after the removal of the cation. The hdeformed by creat- center of the incident electron beam will be positively
ing dangling-bonded @° or O™ may then lift thepm  charged due to ionizatiott. Excited by the primary incident
nonbonding states above the valence-band top edge, whidiectrons, a large amount of secondary and Auger electrons
will be half or completely emptyFig. 12.>* In addition, two  can be generated in the irradiated region. The average “life-
isolated dangling-bonded @ can easily form a peroxyl time” of these generated electrops0™ *— 10 sec(Ref. 56]
bond (O-0), which could also create unoccupied band-gapis much longer than the passing time of the incident electron
states depending on the chaigdeft in the peroxyl bond*  through the samplg~10~25 (Ref. 57] as well as the ion-
The densities of these defects should be dependent on theation time[ ~ 10 ° sed. Electrical equilibrium cannot be
decay of the cation. However, peakdoes not show such a quickly restored within an ionization process, and thus posi-
direct correlation(Fig. 3). In contrast with the immediate tive charge is rapidly built up in the electron-illuminated
decrease of the cation after electron irradiation, there is area. However, a dynamic equilibrium could eventually be
delayed period before peakis formed and then increases. established because of the attraction to secondary and/or Au-
Thus these O defects are unlikely to be responsible for thger electrons.
appearance of peak. It should be noted that all of these In silicate glasses, the species with the highest ionicity
defects might occur during electron irradiation, but one ofbased on the Pauling electronegativitieare the unstable
the possible reasons for not seeing them in this study is thender the electron irradiation, such as Ca in the
low efficiency of the currently used EELS detector. Under aCaO-ALO;-SiO, and Zn in the ZnO-BO;-SiO, glass. This
low electron dose rate of illumination, these features may bés because a positive electric field can be generated by elec-
buried in the high-background and dark-current noises. Untron irradiation?” However, this cannot be simply considered
der high dose rates, however, peakmay also cover these as the only reason for irradiation damage. Based onirthe
features. situ EELS observations, the removal of Ca in the Ca alumi-

As shown in Fig. 3, the intensity variation of pe&kis  nosilicate glass immediately induces changes in thé& . Si
similar to that of the total O intensity profile. Thus O diffu- edge(both intensity and ELNESbut has little effects on the
sion into the illuminated region should be responsible for thea| L ,; edge(Fig. 6), although Ca is bound to both the Si and
creation of peald\. We suggest, therefore, that peailshould  A| tetrahedra. We suggest, therefore, that instabilities of cat-
be related to the formation of molecular, @lusters or @ jons in silicate glasses should be associated with the local-
gas bubbles. ization of the DOS on the NBO'’s.

In the G, molecule clusters, the Op2-O 2p interaction It is known that one of the features in disordered systems
creates O P7* unoccupied(half filled) antibonding states is the localization of the DOS—i.e., spatial confinement to
in the band gap. Thus peakcan be assigned to the transi- the vicinity of predominantly a single atomic site, due to
tion of the O Is—2p#*. The spectra of the condensed andeither the fluctuations in short-range order or the occurrence
gas phase of ©have been studied previously, and there is aof short-range disorder in nonbonded atath® These local-
general agreement on the interpretation of tfepeak®>*  ized states are more likely in the band t&ii$V\BO may also
For comparison, the energy positions of those major peaks iresult in the localized DOS. Both experiments and theoretical
O, are reproduced in Fig. 14. Although there is controversycalculations on sodium silicate glasses have confirmed the
in interpreting o™ states, we can see that pedkeandE  dominant O 2 contribution from NBO to the top of the
are in agreement with the transitions of the ®-412po*. occupied state¥ These states are found to be highly local-

T [+]

Energy loss (eV)
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ized on the NBQRef. 63. According to the experiments on the initial stage of electron irradiatioffrig. 8). As shown in
the drift mobility in a-SiO,, Hughes reported that there was Fig. 3, the EELS intensity of the ® edge also has a slight
no charge transport due to the hotéBased on the above increase at lower-dose-rate irradiation, but it becomes sig-
knowledge, we believe that electron-irradiation-inducednificant under higher dose raf€ig. 6). This suggests that the
holes on the NBQO'’s are highly localized and hence havecation vacancies can be partly filled by Si and partly by O.
reasonably long lifetimes. It should be noted that unlike theOnce the Si fills the cation vacancies, the NBO’s will be
occupied states, the unoccupied states are not localizedpnverted into BO’s. This is confirmed by the experimental
which is also confirmed experimentally and theoreticZif§f  results that the tetrahedral characteristics of the ELNES of
Here we suggest a modified Knotek-Feibelmanthe SiL,;edge become more and more distinct within 20 sec
mechanisifY to explain that the double-ionization processesof irradiation (Fig. 4). Once the O fills the cation vacancies,
on the NBO’s may enhance the instabilities of the cationgO, may form. Under this suggestion, the amount ofdlus-
under electron irradiation. In the original Knotek-Feibelmanters should be dependent on the amount of diffused O from
model, the intra-atomic and interatomic Auger decays of thehe adjacent region. This is also consistent with what we
core holés) may turn an anion into a positively charged ion have seen in thim situ EELS observation&-ig. 6). It should
and, thus, into a totally repulsive potential. However, thebe noted that the transformation of NBO to BO and the for-
cations are seldom seen to move in the Knotek-Feibelmamation of G are processes that make the electron charge
model®® For the sake of simplicity, we consider the configu- balanced. Under electron irradiation, such electron charge
ration of Si-Qg-M (M =Ca or Zr). Several Auger decay balances can be easily fulfilled locally by the absorption and
channels may create two holes in the NBO'’s. Excited byemission of electrons through the dynamic processes of ion-
incident electrons, an Oslor 2s (Refs. 69 and 70core hole ization and de-ionization.
can be created, and the subsequent deexcitation process mayit should be noted that the reaction of the diffused O from
result in the formation of two valence holésne valence adjacent region with NBO’s in the irradiated region is in
electron fills the O core hole and another is ejected as anompetition with that of the diffused Si. However, the driv-
Auger electron In addition, the interatomic Auger decay ing force for the diffusion is not clear at present. The O
from the transition of the valence electron of the O atom todiffusion is probably caused by electrical attraction induced
the highest core hole in the cation could also accomplistby electron irradiation, while exchange between Si and the
double ionization of the NBO ion. As discussed above, theseations might result in Si diffusiofft Under this assumption,
holes should be highly localized in the NBO's. In the con-O diffusion is much easier under high-dose irradiation than
figuration of the Si-Qg-M, it is presumed that the Sig@is  low dose. A relatively high O diffusion rate under high-dose
the covalent bond, while they@-M is an ionic bond, arising irradiation results in the high intensity of EELS of the O
from electrostatic attraction. Once two holes are created onlusters.
an Qs andM bond, the attractive electrostatic force between Molecular G might diffuse out from the surfaces into
the Qug-M becomes repulsive. If the lifetime of the holes is vacuum or segregate together to form custers or even gas
long enough, which we believe from the localized states, théubbles. These should be compositigre., NBO amount
cation is released from the network. Driven by the repulsiveand irradiation dose rate dependent. A dynamic equilibrium
electrostatic interaction, the breakaway Ca is easily removedan be expected, thus resulting in the thisdturateg stage
from the electron-illuminated area. This is consistent withof irradiation observed in Fig. 3. Since the @ formed by
the experimental observations in Fig. 3 that only the EELSeaction of the diffused O with NBO, the amount o @ill
intensity of the Cal,; edge decreases dramatically during decrease under further irradiation once the NBO’s have been

the initial irradiation. all consumed. As indicated in Fig. 6, beyond a certain time
o _ _ of irradiation, no Q can be detected no matter how long the
C. Diffusion of Si and O and the formation of O, sample is continuously exposed to electron irradiation.

Under electron irradiation, cations are driven away from
their original sites. If the irradiated area is small, such as the
use of a subnanometer probe in STEM, the cations will mi-
grate into the adjacent region and leave a large amount of The removed cations may capture secondary and/or Auger
vacancies in the irradiated region. It should be noted thaglectrons and thus be neutralized into atoms with a certain
such diffusion processes are not driven by chemical poterkinetic energy. The nucleation and growth of cation particles
tials, but by repulsive electrostatic forces generated by théray occur once the dimension of the accumulated cation
process of losing electrons in the irradiated region. From th@toms exceeds a critical value. So precipitation of the metal
microscopic point of view, the repulsive forces could be di-particles is also NBO dependent since the cations binding to
rectly from the nearby NBO, which loses two electrons fromNBO are likely to be removed. With larger amounts of NBO,
the Auger process. From the macroscopic point of view, thé larger amount of cations can be released; hence, there is a
repulsive forces could also come from the positive potentiahigher chance to form particles. For example, we have ob-
within the irradiated regiof’ Therefore, the vacancies left served the Zn particle precipitation from the
by cations are not necessary to be negatively or positivelynO-B,0;-SiO; in this study(Fig. 11).
charged. In addition, the released cations may also fill the vacan-

According to thein situ EELS observations, the EELS cies left by the Si that diffuse into the irradiated region. So
intensities of the SL.,; edges significantly increase during there is also the possibility to form cation-O clusters, which

D. Participation of metal particles and phase separation
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have been observed in a multicomponent alkaline-eartlduring electron irradiation. As a result, a dynamic equilib-
boroaluminosilicate glas$.Based on then situ EELS ob-  rium of forming and losing @ may occur. Once the NBO’s
servations and suggested mechanisms, electron irradiati@re all consumed, Omay eventually disappear into vacuum.
has tendency to create a NBO free region, hence inducinghe released cations may either fill the vacancies outside the
separation of the glass phase into cation-rich and -pooirradiated region left by Si and form cation-rich region or
regions. capture free electrons created by electron irradiation and be-
come neutralized atoms. Therefore the precipitation of me-
V. CONCLUSIONS tallic particles is also an expected product of irradiation. This
is also dependent on the amount of NBO’s. Eventually, there

In summary, cations, as glass network modifiers, alongyj| pe no NBO left in the irradiated region. Then the mecha-
with the NBO's, are very sensitive to electron irradiation. nisms introduced in this study will no longer dominate the

This probably arises from the highly localized DOS on thejragiation effects in glass and other mechanisms must be
NBO-cation bonds. A series of irradiation effects, in fact, areqgnsidered3 74

induced by the tendency to eliminate NBO’s in the region
under irradiation. Phase separation into cation-rich and -poor
regions is thus an unavoidable trend for silicate glasses. Dur-
ing the reconstruction under irradiation, some of the NBO’s This work was supported by the NSF through the Cornell
are converted into BO'’s, with diffusion of Sor B), while  Center for Materials Resear¢@CMR), which also supports
some form @ molecules or clusters, with diffusion of O. the operation and maintenance of the STEWEF Grant No.
These various processes are in competition and depend @MR-9632275. One of the authoréN.J) is also grateful to
the irradiation rate and glass composition. At higher rates oNSF Award No. DMR-0245702 for support. We thank Pro-
irradiation, larger amounts of LOare formed. @ molecules fessor J. C. H. Spence of Arizona State University for a
or O, clusters may diffuse into vacuum from the surfacescritical reading of the manuscript.
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