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Electron beam damage and charging process in 9mol%Y2QO3-stabilized zirconia (YS-ZrOgz) are studied by Auger
electron spectroscopy (AES). Electron bombardment induces electron-stimulated desorption at the surface on one hand;
on the other hand, it modifies the preexisting defects in the irradiated zone. Both effects will lead to charging-up of
YS-ZrOy. The charging related to the first effect can be compensated by an Oz environment of 6.5 10=% Pa, and the
charging related to both effects can be inhibited by specimen heating up to 300 °C. However, the modified preexisting
defects will not return to their initial states prior to the radiation. Their charging behavior and charge compensation
are discussed in the model of the variants of the oxygen vacancies.

PACC: 8280P; 6172C; 7920L

L INTRODUCTION

Electron beam is widely used in surface analy-
sis as an excitation in Auger electron spectroscopy
(AES) and energy-dispersive X-ray analysis (EXD),
to image the topography in scanning electron mi-
croscopy (SEM), or to determine the surface structure
in low energy electron diffraction (LEED). Unfortu-
nately, some effects at the surface of insulating mate-
rials are introduced by the bombarding electrons, such
as, radiation damage and charging phenomena, which
hamper the performance of analysis.

In AES the electron beam with energy lower than
10keV cannot produce defects by the direct momen-
tum transfer. However, radiolysis process occurs at
the surface or within the irradiated zone of many in-
sulating compounds, which results in defects at the
surface and/or within the materials. The charging
behavior of the defects determines the charging phe-
nomena of the insulating compounds.

We have introduced an O3 environment into AES
on oxides.[!l We found that a satisfactory compensa-
tion of all the irradiation effects on Al;O3s, observed in
AFES as charging phenomena, electron-stimulated des-
orption (ESD) and contamination of the surface from

tCorresponding author.

residual gas, is achieved in 6.5 x 107 Pa Q.. Howéver,
on 9mol%Y 2 Q3-stabilized zirconia (YS-ZrQy;), the sat-
isfactory charging compensation has been achieved
limitedly, although ESD of oxygen can be compen-
sated in this environmental AES. In this work we use
AES to study the electron beam effects on YS-ZrO;.
Efficient performance of AES on YS-ZrO, is possible
under conditions of being heated in an O3 environment
of 6.5x107% Pa. We suggest that besides the radiation
damage at the surface, the preexisting defects, such as

oxygen vacancies, are responsible for the charging-up
of YS-ZrQs.

I. EXPERIMENTAL

In this experiment a scanning auger microprobe
was used for spot-resolved AES. The system was de-
scribed in detail elsewhere !l The central electron gun
in cylindrical mirror analyzer (CMA) was served to ex-
cite Auger electrons, simultaneously, to damage and
to charge the sample. The electron beam effects were
examined over many hours with Auger spectra. The
primary emission was fixed in the experiments; how-
ever the primary current density varied with the angle
of incidence o, as well as with the primary energy Ep,
as indicated in Table 1.



226 Guo Han-sheng et al. .

Vol. 9

Table 1. The primary parameters used in this work.

Primary energies Ep /keV 1 2 3 5 8
' — e
Primary cutrent density a=10 0.42 0.64 1.24 3.17 79.62
Jp/10-2 Accm™2 a = 30° 0.37 0.55 1.08 2.76 68.95
a = 60° 0.22 0.32 0.62 1.59 39.80

The sample is a 9mol%Y,Os-stabilized ZrO,
plate (~1mm thick). X-ray diffraction shows that the
sample is purely cubic with CaF; structure. The sam-
ple was cleaned in acetone in an ultrasonic bath, then
rinsed with distilled water. After transfer inio the

analysis chamber the sample was sputtered with 2keV
ArT to eliminate adsorbates. The measurements were
performed at a polished (100) surface. For charging
“reduction during AES, the gas environments (Op and
Ar) and specimen heating were adopted. The tem-
perature was measured at the sample surface with a
thermocouple.

. RESULTS

Figure 1 shows the charging processes during the
first and second electron exposure at room temper-
ature. After the first exposure the sample was dis-
charged completely by specimen heating. Dui'ing the
first electron exposure the sample showed an abnor-
mal charging behavior. The charging potential U, was
measured by the shift of the Auger peaks.
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Fig.1. The charging processes during the first and second
electron exposures. Before the second exposure the sam-
ple has been discharged completely by specimen heating,.
{Ep=5keV and a = 30°).

The surface can be reduced by electron bombard-

ment through ESD. Simultaneously, surface contam-
The Auger
peaks at 141 and 87eV are selected to characterize
the ESD and the carbon contamination, because the

ination from carbon often takes place.

former, being a Zr{MNV)-transition, can be readily
influenced by the surface chemical bonding, and the
latter, being a core-core-core transition, is not signifi-
cantly affected by the surface ¢chemical bonding,

ESD of the surface oxygen and adsorption of the
residual gas has been followed during specimen heat-
ing without charging occurrence. Figure 2 indicates
the change of the 141 eV peak (Zr141) upon the expo-
sure of 5 keV electrons at 250 °C. The radiation time is
given for each spectrum. The reduced surface gives an
additional peak at about 148 eV, which can be collated
to metallic zircomium. With desorption of oxygen, ad-
sorption of carbon and carbonation of the surface take
place. The “carbide” peak appears at about 145eV.
The energy shift {<3 eV) of the Zr(MNN) peak can be
attributed to the charging effect.

The 6.5 x 107%Pa O can completely compen-
sate the eleciron beam effects at normal incidence of
2.5keV electrons and at 30° incidence of 3keV elec-
trons, respectively. The sample keeps stoichiometric
and charging free during the lasting radiation for two
days. Figure 3 shows the spectra for the 3keV primary
energy at 30° incidence. By contrast, the 1.3x10~2 Pa
Ar reached a compensétion of the charging only up
to the primary energy 2keV at 30° incidence, with
transient charging at the beginning of the radiation.
Carbon contamination in this Ar atmosphere can be
more quickly than in ultrahigh vacuum (UHV). Figure
4 shows the charging processes of the surface during
the exposure of 3keV electrons in 1.3 x 1072 Pa Ar
and in UHV, respectively. The charge potential in
1.3 x 10~2 Pa Ar spontaneously reached a maximum,
then it discharges a little. The saturation charging is
about 500 eV lower than that in UHV.
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Fig.2. Oxygen desorption and carbon absorption of the surface under bombardment of SkeV
electrons. The peak energies of Zr(MNN) and Zr(MNV) and the irradiation time are indicated

for each spectrum. (@ = 30° and 250 °C).

Specimen heating can eliminate the charging-up
of the sample by the primary parameters given in Ta-
ble 1.
ties obtained in the temperature range from 450°C
to 120°C. In the table Zrg;/O and C/O are used
to indicate oxygen deficiency and carbon contamina-
tion of the surface after the electron bombardment for

Table 2 lists the ratios of the peak intensi-

48h. The oxygen deficiency and the carbon contami-

nation of the surface depend on the sample tempera-
tures, while at the same temperature they depend in
turn on the primary energy. The oxygen desorption
and carbon contamination can be reduced by offering
an Qs environment below 6.5 x 1078 Pa. The spec-
tra from the sample at 350 °C in the Q2 atmosphere’
are given in Figs.5 and 6 for 8keV and 5keV, respec-
tively.
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Fig.3. The spectra acquired at 3keV and 30° incidence in 1.3 X 10—% Pa Oy, The irradiation
time is given for each spectrum.
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Fig.4. The charging processes in UHV () and in 1.3 X 102 Pa Ar (=) under the 3keV electron
bombardment at 30° incidence.
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Table 2. The peak intensity ratios after the electron bombardment for 48 h with specimen heating in UHV.

Ep eV T/°C 450 350 250 190 150 120 100
Zrgr /O 0.128 0.149 0.171 0.187 0.211
8 c/0 0.15 0.05 0.223 0.337 0.454 0.527
U /eV 0 0 2 2 14 64 490
Zrar /O 0.150 0.157 0.180 0.211 0.217
3 C/O 0.551 0.637 0.662 0.738 0.913 0.951
U./eV 3 3 3 3 3 40 645
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Fig.5. The spectra obtained in Oz environmental AES (6.5x107% Pa Oz) with specimen heating.
The irradiation time is given for each spectrum. (Ep=8keV, o = 30° and 350 °C).

During the radiation of 48 h no charging appears,  for 5keV. Without an O3 environment the surface will
and the largest C/O ratios are 0.08 for 8keV and 0.20 be strongly reduced and seriously contaminated by
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Fig.6. The spectra obtained during charging compensation by specimen heating in 6.5 x 10— % Pa
O:z. The irradiation time is given for each spectrum. (Ep=5keV, o = 30° and 350 °C}.

carbon. This can be learnt from Table 2.

IV. DISCUSSION

Morant et al®l noted that three different sub-
oxides, Zry03, ZrO, Zry0, and metallic zirconium, can
be formed under the bombardment of energetic Art
(3keV). Axelson et all¥l estimated that the cross sec-
tion of ESD of pure ZrO; under the bombardment
of 3keV electrons is about 21 x 0-22 ¢m?. From the
peak intensities in Fig.2, the composition of the sur-
face after electron radiation for 48h is 33.6at% Zr,
28.1at% O and 38.3at% C (2 half-quantitative anal-
ysis neglecting yttrium in the sample). This result in-
fers that the large part of adsorbed carbon composes
the “carbide” on the reduced surface.[) Carbon atoms
can also permeate through the lattice of Y$-ZrQOs, es-
pecially on specimen heating.!*! This explains why the
intensities of the peaks of Zr(MNN) and Zr(MNV) re-

main unchanged (Fig.2).
ESD and carbon contamination can be reduced in
O2 environmental AES, as a result, the related charg-
ing, which is dominant at low primary energy, is re-
duced (Fig.3). Besides ESD at the surface, the pri-
mary electrons modify the preexisting defects in ¥S-
ZrO;, such as oxygen vacancies, which then become
capable of charging. In YS-ZrQ; the yttrium substi-
_tutes for the zirconium sites in the lattice. Each Y
atom induces a half oxygen vacancy due to the elec-
tron neutrality.

(1—y)ZrOz+yY01_5 = (l—y)Zrz,Oz-l-yYerOI_5+y/2VO--

7. indicates yttrium on the zirconium site with a for-
mal charge of —1, and Ve« indicates a double ionized
oxygen vacancy. The sample with 9mol%Y,O3 has a
composition of Zrg 52Y0.1801.01, or 4.5% of oxygen va-
cancies.
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Using extended X-ray absorption fine structure
(EXAFS) technique, Catlow et alll confirmed that
the coordination number of Zr in YS-ZrQ; is less than
8, but equals to 8 for Y. Furthermore, using elec-
tron paramagnetic resonance (EPR), Orera et al.[f]
revealed that holes are trapped on oxygen anions ad-
jacent to yttrium cations after exposure of YS-ZrOq to
X-ray at liquid nitrogen temperature. So a significant
population of oxygen vacancies is more likely associ-
ated with zirconium cations rather than the yttrium
cations. It is also known that Al substitutions for Si
sites in SiO, acting as trap centers for electrons.!l All
of the facts suggest that Y ion on the Zr site with a
negative charge, as denoted formally Y?, , is energeti-
cally stable.

The ionized oxygen vacancies are effective trap
centers for electrons. Azzoni and Oreral®®l identi-
fied paramagnetic signals in Y3-ZrQO, after it was ex-
posed to X-ray or UV light, or after it was quenched
from temperatures above 900°C in reducing atmo-
sphere (Ar with 5%H;). The anisotropy EPR sig-
nal, denoted as C-defect ([Zr'V ge«]|-center), describes
a heptacoordinated Zr anion with a captured electron,
and the isotropic EPR signal, dencted as T-defect
([Voe» Zr'V e ]-center), describes an oxygen ion va-
cancy with an electron surrounded by four Zr anions.
In both cases the electrons are trapped in the d level
of Zr ions. Azzoni et all®l demonstrated that isolated
Vo-centers can also be produced under radiation or by
reducing the sample at high temperatures, although it
is invisible in EPR.

Primary electrons produce electron-hole pairs
along their trajectories and cause ESD of the oxygen
at the surface. Electrons and holes can be recombined
or captured separately. Oxygen vacancies can com-
pose C-defects and T-defectsc with the lattice Zr ions.
As a result, the concentrations of the C-defects and
T-defects, which are electron traps!®!, are increased.
The hole traps are the variants related to Y7, .1%

The sample studied has 4.5% oxygen vacancies,
which corresponds to a concentration of 102! cm™3.
The two-phase charging process under the first elec-
tron exposure in Fig.l can be explained as follows:
The slower charging at the beginning of the first elec-
tron exposure is induced by the radiation damage at
the surface, i.e., ESD of oxygen. After a long expo-
sure, the internal electric field of the sample is strong
enough to modify the preexisting defects, which be-
come capable of charging. This corresponds to the
second strong charging.

The activation energy to cause migration of an
oxygen vacancy is about 0.84eV for 9.4mol%Y,03-
ZrO,['% and 0.79eV for 8mol%Y;03-Zr0,.[Y From
Solier et al’s arrenhius plot of DC conductivity[t?!
and assuming oxygen vacancies being isolatied, we
derive that the specific resistance of 9.4mol%Y,03-
ZrO, at room temperature is 6.60 x 10'°Q-cm, and
that it drops down to 2.31 x 10° Q-cm at 300°C. Ac-
cording to Hofmann’s criterion, AES-insulators, which
charge up during AES, should have resistivity greatér
than 10° Q-cm.['? Thus, charging-free state can be ex-
pected by heating 9mol%Y203-ZrO; up to 300 °C. The
C-defects have annealing temperatures in the range
of 250-300°C,!®! and the captured electrons in the C-
defects must be released at around 300°C. Although
the annealing of the T-defects requires a temperature
above 430°C, 8! the raising of the bulk conductivity of
YS-ZrO, relaxes the requirements.

- The data in Table 2 shows that by raising the
sample temperature the ratio of Zrgy /O increases and
that of O/C decreases, ie., the oxygen deficiency
and the carbon contamination at the surface become
smaller. One possible interpretation of the phepom-
ena is that the diffusion of oxygen vacancies increases
with raising the sample temperature, so that ESD of
oxygen can be partially compensated by the migra-
tion of oxygen vacancies. Without noticeable oxygen
deficiency, carbon has little possibility to adsorb at
the surface. Specimen heating discharges the charged
sample, because the captured electrons can be de-
trapped by thermal activation or compensated by ion
conductivity. But if specimen heating is ceased, the
sample charges up very quickly again, as indicated in
Fig.1. This effect implies that the modified defects do
not return to their initial states prior to radiation by
annealing at temperatures below 300 °C.

V. SUMMARY

Charging-up of 9mol%Y20;3-ZrQ, under electron
bombardment is caused by the radiation damage at
the surface due to electron-stimulated desorption,
as well as by the preexisting defects, such as oxy-
gen vacancies, which can be modified by eleciron
beam. The charging from the first process is slow
and monotonous, the charging related to the second
process increases drastically. For reducing the elec-
tron beam effect at the surface, the oxygen environ-
ment of 6.5 x 1076 Pa is more efficient than the Ar of
1.3 x 1072 Pa. However, the Oy environment can elim-
inate the charging within the limits of primary ener-
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gies lower than 3keV at steep incidence. Although no
charging oceurs by the specimen heating up to 300°C,
an 02 environment is necessary to compensate the re-
duction of the surface oxygen and to inhibit the carbon
contamination.

The electron traps related to the oxygen vacan-
cies are suggested to be C-defects and T-defects, which
represent heptacoordinated Zr anions and the four co-
ordinated oxygen vacancies, respectively. YS-ZrO,,
as a good solid electrolyte, the captured electrons on
the defects can be detrapped by thermal activation or

compensated by ion conduction during the specimen
heating. However, the radiation-modified defects can-
not heal to their initial states prior to the radiation
by annealing below 300 °C.
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