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Dynamics of charge trapping by electron-irradiated alumina
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Electron trapping in the oxygen vacancies of various alumina samples is analyzed using x-ray and optical

emissions induced by electrons. Observed x-ray intensity variations show the presence of charges in the
sample. Information on the ionicity is deduced from the electron distribution around aluminum, observed by
x-ray emission between 50 and 300 K. It is shown that the stable defects are oxygen vacancies with one
trapped electron. Electron trapping in these defects is analyzed by cathodoluminescence as a function of the
structural characters of the sample, of the temperature, and of the irradiation conditions. Conditions for weak

trapping can be deduced from these experiments.
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I. INTRODUCTION

In a real crystal defects are impurities and lattice defects,
such as vacancies, interstitial atoms, and dislocations. Each
defect is associated with a quantum state involving a ground
level and one or more excited levels and these levels are
localized in the gap band of a nonconductor solid. The de-
fects, which cause a deficit of negative charge, have a large
probability to capture an electron, leading to a partial return
to electroneutrality.

In oxides, the most common defects are the oxygen va-
cancies, which are electron traps. An oxygen vacancy having
trapped one or two electrons becomes an F* or an F center.
Impurities can also be present; only the impurities with oxi-
dation degree higher than the one of the metallic element are
electron traps.

In an insulator irradiated by electrons with incident en-
ergy E, of 1 keV or more, numerous electron processes are
possible: slowing down and thermalization of incident elec-
trons, impact ionization of the core and valence electrons,
and simultaneous creation of holes in atomic levels and in
the valence band, impact excitation to unoccupied defect lev-
els present in the band gap, creation of core or valence ex-
citons, and electron recombination from occupied defect lev-
els to the atomic and valence holes.

Charge effects due to trapping of thermalized electrons in
highly excited defect levels are also present, accompanied by
the reverse process, or thermal detrapping, and by the radia-
tive and nonradiative de-excitation of electrons in the highly
excited defect levels to their ground level. Direct electron
trapping from the conduction band to a deep defect level
need not to be considered since its probability is negligible.
In the same way, the creation of defects under electron irra-
diation does not occur in the considered energy domain.

In the oxides, it was generally assumed that the ionic
charges are the integer values that correspond to the conven-
tional chemical assignment of the oxidation state.! In this
model, the bond should have an ionic character. Indeed it has
been shown for MgO that the charge on oxygen is on the
order of unity.? Consequently the most stable defect is the F*
center (oxygen vacancy having trapped an electron). An F*
center can trap an electron and becomes an F center. As a
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result, the dynamics of the electron trapping in insulator ox-
ides can be deduced directly from the F*-F transformation.?

Electron-induced x-ray emission spectroscopy (EXES)
and cathodoluminescence can be used to study the charge
effects and the trapping-detrapping in insulators. These emis-
sions compete with the nonradiative transitions, such as Au-
ger and multiphonon processes. In this paper, they are ob-
served for alumina at different temperatures and discussed in
connection with the model developed in Ref. 4.

Information on the charge effects is deduced from follow-
ing EXES parameters: (a) the intensity variation in an x-ray
characteristic line as a function of the incident-beam current,
called charge curve. In the absence of charge effect, the
number of photons increases linearly with the electron cur-
rent. When charge effect is present the increase in number of
photons is not linear and less rapid.

(b) The intensity variation in an x-ray characteristic line
as a function of the accelerating voltage of the incident elec-
tron beam, called excitation curve. In the absence of charge
effect and above the threshold, the number of photons in-
creases with the accelerating voltage according to a power
law. The presence of a charge induces a retarding potential,
which slows down the incident electrons and the number of
photons increases more slowly.

(c) The intensity of x-ray emission structures, located to-
ward the higher energies of the valence-band emission and
characteristic of the radiative recombination from defect
states to a core hole.’> The defect states are either initially
occupied or filled by excitation of valence or core electrons
or by trapping of an incident electron. Filling of a defect
state is studied by comparing the intensity of the structure
present in the band gap to the intensity of the valence emis-
sion band.

At the position of oxygen vacancies, the electron distribu-
tion is due to the surrounding cations. In alumina, the elec-
tron states, associated with F* and F centers and localized in
the band gap, have the Al sp character and can be observed
owing to their Al K or Al L emission.

The variation in the number of [-symmetry valence elec-
trons around the cation can also be measured comparatively
in oxide and metal using EXES. It is possible to deduce from
such measurements information on the ionicity.> This is
made by analyzing the valence-band emission and an atomic
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line of same initial state, as a function of photon energy at
fixed voltage and current, and by then determining the inten-
sity ratio of the two emissions.

By cathodoluminescence, emissions characteristic of each
type of defects are observed. These emissions correspond to
electron transitions between an excited state and the ground
state of the defect. Their shape is strongly temperature de-
pendent. Their broadening is directly related to the electron-
phonon interactions.

All these parameters have been measured for Al,O;.
Since the radiative transitions depend on the electron distri-
butions, one expects them to vary with a change in the
atomic structure and the preparation conditions of the
sample. The defect states are strongly coupled to the phonons
hence their dependence on the temperature. Moreover, the
charge effect depends on the incident electron energy, elec-
tron density, and irradiation time. Consequently, measure-
ments have been made for various samples as a function of
the crystal arrangement, the temperature, and irradiation con-
ditions.

II. EXPERIMENT

An a-Al,0; (0001) single crystal of 1073 purity was used.
The main impurities are Si (500 ppm), Ca (150 ppm), and Fe
(250 ppm). The sample was mechanically polished. The
single crystal was annealed in air according to the following
conditions: 1 h at 1000 °C (sample 1); 4 h at 1500 °C
(sample 2); 4 h at 1700 °C (sample 3); and 24 h at 1700 °C
(sample 4). The temperature was increased at the rate of
100 °C/h and decreased at 50 °C/h. The polycrystalline
a-Al,O; sample is a powder obtained from Johnson-
Matthey. The amorphous sample (a-Al,O3) is a film of 150
nm thickness.

The samples were irradiated at room temperature in a
UHV chamber of the IRIS multiple-technique apparatus.® A
Pierce electron gun, 0-10 kV, 0-10 mA, produces the elec-
tron beam. The beam can be focused to a 5-20 mm diameter.
The working pressure is around 10~ mbar when the elec-
tron gun is on. The samples were irradiated with an electron
beam of incident energy varying between 1 and 4 keV. The
electron current density varied between 0.15 and 4 mA/cm?.
After each annealing, the sample was irradiated for several
days during which the cathodoluminescence spectra spectra
were recorded for the different irradiation conditions.

The incidence angle of the electron beam on the sample is
20°. The optical cathodoluminescence signal is collected in a
direction making 20° with the normal to the sample. It is
transmitted through an optical fiber bundle to a glass view-
port of the chamber. The other end of the fiber is connected
to the entrance slit of a Czerny-Turner grating spectrometer.
The spectral interval between 250 and 850 nm is analyzed
with a 300 nm band pass by means of a 150 grooves/mm
grating. The detector (Tracor-Northern) is an intensified lin-
ear 512 photodiode array. The wavelength scale is calibrated
with the help of a Hg-Ar lamp. Simultaneously x-ray emis-
sions were also observed with the high-resolution curved-
crystal spectrometer of the IRIS apparatus. Since the Al Ls
threshold energy E is equal to 1.5 keV, the lower incident
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TABLE 1. Penetration depth and emissive thickness obtained
with 1-4 keV incident electrons in alumina.

Incident electron Luminescence K emission
energy E, penetration depth emissive thickness
(keV) (nm) (nm)
1.0 10
1.9 30 10
4.0 85 65

electron energy used in the x-ray experiments was 1.9 keV.
The analyzed depths, or emissive thicknesses, vary as indi-
cated in Table I. Luminescence can be induced by low-
energy electrons. For the 1-4 keV electrons we used, the
corresponding penetration depths are shown in Table I.

The temperature of the sample holder can be varied be-
tween 50 and 300 K using a cryocooler that is the first stage
of a cryogenic pump.” The temperature is regulated by using
a chromel-alumel thermocouple (K type) with a precision of
5K

III. RESULTS
A. X-ray emission spectra

Charge curves have been obtained for an atomic line
(Al 2p— 1s) at several temperatures T [Fig. 1(a)]. When the

(a)

——Room temperature
K

X-ray intensity (arb. units)

1 1

2 3
Electronic current (mA)

L Room temperature
50K

X-ray intensity (arb. units)

1 1 1 1 1

1500 2000 2500 3000 3500 4000 4500
Incident electron energy (eV)

FIG. 1. (Color online) (a) Charge curve at 4 kV and (b) excita-
tion curve at 3 mA of a-Al,O3 (sample 2) at two temperatures. The
photon energy is taken at the maximum of the Al Ka emission. The
various curves in (a) correspond to successive increases and de-
creases in the electron current.
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charge effect increases, one expects a decreasing of the slope
of the curves giving the emitted intensity as a function of the
incident electron current. A net increase in the charge with
the decrease in the temperature is observed independently of
E, and sample characteristics.

The excitation curves show also a decrease in the inten-
sity of x-ray emissions as temperature decreases [Fig. 1(b)].
This is due to the increase in the charge effect at low tem-
perature. In the energy range Ey /E,=1.15 (1560<E,
<1800), no decrease in intensity is observed. Charge effect
is present in the first atomic layers of the sample at room
temperature and no charge increase is detected in this range
with our experimental conditions.

At very low temperature, oscillations of the x-ray inten-
sity plotted versus emitted photon energy have been ob-
served for the sample 1.% These oscillations reflect a fluctua-
tion of the electron current used in the production of the
x-ray emission. During the irradiation, negative charges flow
out through the sample. An accumulation of negative charges
repels the incident electrons. Therefore the number of elec-
trons entering the target and creating core ionizations de-
creases as well as the x-ray intensity. When the charge excess
diminishes, the intensity comes back its initial value. Oscil-
lations are observed only for strongly charged samples.

The relative number of p-symmetry valence electrons
around Al in metal and oxide is deduced experimentally from
the intensity ratio between the Al KB (3p— ls) emission
band and the Al Ka (2p — 1s) atomic line of the same initial
state. The intensity of an x-ray emission depends on three
factors: the number of initial states, here ionized states with
an ls core hole; the density of the final states, N(3p) or
N(2p); and the probability of the np — s transition. Because
the initial state of the KB and K« lines is the same, the
intensity ratio R=KfB/Ka depends only on the final states.
The 2p core states are atomic states; their variation with the
physicochemical state of the sample and with the tempera-
ture is negligible. Then a change in the KB/Ka intensity
ratio denotes a variation in the density of the 3p valence
states N(3p) and of the 3p— 1s transition probability. From
calculations made for MgO,? the prevailing variation is that
of the density of the states.

The intensity ratios R have been measured for Al,O5; and
Al as a function of the temperature and the atomic structure.
At room temperature, the results are comparable with those
observed for MgO.? One deduces that the charge on oxygen
is on the order of the unity.

Change in the K3/K« intensity ratio is observed at low
temperatures. This change shows that the density of the
Al 3p valence states decreases with the temperature. To this
decrease corresponds an increase in the ionicity and also of
the polarization of the sample. Therefore the charge effect
increases inversely to the temperature but this change re-
mains weak.

As already underlined, the electron state associated with
an F* center and localized in the band gap has an Al 3sp
character. From the analysis of the Al 3p distribution by
EXES, at room temperature, a structure is observed at
~] eV above the top of the K emission band toward the
higher energies, i.e., =8 eV below the bottom of the con-
duction band, for the sample 4 of gap width equal to 9 eV
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FIG. 2. (Color online) Al KB emission of a-Al,O3 (sample 4).
Spectra at room temperature (solid lines) and 90 K (dotted lines)
with electron current of 1.5 mA: (a) 1.9 keV and (b) 4 keV.

[Figs. 2(a) and 2(b)]. Its intensity increases with both inci-
dent electron energy and temperature decreasing. It must be
noted that the presence of the inner hole changes the energy
of the defect state. By taking into account this effect, we
attribute the feature to the transition of one electron from the
defect to the 1s core level, leaving a F* center with an elec-
tron lacking in its ground level.

Supplementary features are observed from sample 2 be-
tween 1 and 3 eV below the bottom of the conduction band;
their intensity increases at low incident energy (Ey/Eq
=~ 1.15) and low temperature but remains always very weak.
They can be attributed to the recombination of an electron
initially excited from the 1s level to an excited level of an F*
center. Indeed, excitation and recombination probabilities in-
crease at the vicinity of the threshold.

B. Optical emission spectra

The optical emissions characteristic of F* and F centers in
the first-order reflection (300-550 nm spectral range) are the
only ones considered here. For all samples, at room tempera-
ture and incident electron energy E; equal or superior to 1.9
keV, the spectrum is widely dominated by the band at 3.75
eV, characteristic of centers F* of a-Al,03. A weak band is
observed at 2.9 eV; it is known as being characteristic of the
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FIG. 3. (Color online) Cathodoluminescence of a-Al,O;

(sample 2) spectra at beginning of irradiation (dotted line); after 21
h of irradiation (dashed line): (a) 1.9 keV and (b) 1 keV. The solid
line in (a) is obtained at 4 keV after 21 h of irradiation.

emission from F centers [Fig. 3(a)]. Observations are made
in the beginning of the electron irradiation and after irradia-
tion of about 20 h in order to analyze the luminescence at the
beginning and the end of the x-ray spectrum. For the sample
2 at 4 keV, the F emission is not detected and no change is
observed as a function of the irradiation time ¢ while at 1.9
keV, the intensity of the F emission increases with 7 but
remains always weaker than the F* emission.

A spectacular change in the optical emission is observed
at 1 keV from sample 2 [Fig. 3(b)]. After a short irradiation,
the F*/F ratio remains bigger than 1 but after a long irradia-
tion, the F emission becomes the strongest feature of the
spectrum; it is a wide band highly asymmetric toward the
lower energies. This is not observed for samples 3 and 4
(Fig. 4). A supplementary structure is seen on the spectrum
of sample 4; it is situated toward the higher energies of F*
emission at about 4.3 eV.

Experiments as a function of the irradiation time are
shown in Fig. 5 for sample 3 irradiated under 1 keV. At ¢
=0, the F* and F emissions are not resolved from the back-
ground. Their intensities increase continuously under irradia-
tion up to about 25 h then decrease weakly. Beyond 20 h of
irradiation, their shape remains unchanged.

Changes with the temperature are presented in Fig. 6 for
sample 2. At low temperature, the F* emission is shifted to
the higher energies by +0.07 eV and its width decreases
from 0.41 to 0.33 eV. The square of the full width at half
maximum as a function of the temperature is plotted in

PHYSICAL REVIEW B 82, 075132 (2010)

Photon energy (eV)
45 40 3.5 3.0 2.5

Intensity (arb. units)

(=}

300 400 500
Wavelength (nm)

FIG. 4. (Color online) Cathodoluminescence of a-Al,O3 ob-
served at 1 keV after 21 h of electron irradiation: sample 2 (dashed
line), sample 3 (dotted line), and sample 4 (solid line).

Fig. 7. This variation is in agreement with previous
observations.” A supplementary emission is seen at 3.4 eV
(Fig. 6). On the curves obtained at 1.9 keV, the peak at 3.4
eV is well resolved; its shape is similar to that of the F*
emission and its intensity increases with the irradiation time
[Figs. 6(a) and 6(c)]. In contrast, this peak is not clearly
resolved at 1 keV [Figs. 6(b) and 6(d)]. Change in the F
emission shape is also observed; this is a very wide band,
spreading on more of 1 eV, including nonresolved features
situated toward the lower energies. Consequently no width
measurement is made for this emission. The intensity ratio
F*/F varies with the energy of the electrons as seen at room
temperature for this sample but it does not vary with the
irradiation time.

The optical emissions as a function of the electron current
vary according to the value of the incident electron energy.
Results obtained for sample 4 at low temperature (90 K) are
plotted in Fig. 8. For 1 and 4 keV incident electrons, the ratio
F*/F is proportional to the current while for electrons of 1.9
keV, F*/F is inversely proportional to the current. Moreover,
the shape of the spectra is different. At 1.9 keV, the peak at
3.4 eV is clearly resolved and no structure is seen toward the
higher energies of F* emission. The contrary is observed at 1
and 4 keV.

Photon energy (eV)

14000 45 40 3.5 3.0 2.5
12000 — -0
2z 10000
g
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A
> 6000
8
E 4000
2000 N
Yo IR s e S T e
____________ o~ T =
Q=" T T T e
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wavelength (nm)
FIG. 5. (Color online) Cathodoluminescence of a-Al,0;

(sample 3) observed at 1 keV, at room temperature, as a function of
the irradiation time.

075132-4



DYNAMICS OF CHARGE TRAPPING BY ELECTRON-...

Photon energy (eV)
45 40 3.5 3.0 2.5
(a)

-—--90K
——Room temperature

z |
g 1,9keV 30 min
2
iz
8
£
0 ==
300 400 500
Wavelength (nm)
Photon energy (eV)
45 4.0 3.5 3.0 2.5
(b)
E
=
,g
S W
B ’ .
ks 1 keV 30 min
-—--90K
0 —— Room temperature
300 400 500
Wavelength (nm)

PHYSICAL REVIEW B 82, 075132 (2010)

Photon energy (eV)

45 4.0 3.5 3.0 2.5
" ©
I
I -—-90K
> /’ Room temperature
g 19keV  21h
e I
=
z2
g
E
0 L
300 400 500
Wavelength (nm)
Photon energy (eV)
45 40 3.5 3.0 2.5
(d)
=
£
=
z
g
E
-—-90K
0 —— Room temperature
300 400 500
Wavelength (nm)

FIG. 6. (Color online) Cathodoluminescence of a-Al,O3 (sample 2) at room temperature (solid line) and 90 K (dashed line), at two
incident electron energies and two irradiation times: after 30 min irradiation (a) 1.9 keV, (b) 1 keV; after 21 h (c) 1.9 keV, (d) 1 keV.

All preceding results concern a-Al,O5 single crystal. In
polycrystalline y-Al,Os, the cations are distributed in non-
equivalent sites. A large variety of defects is present, like
vacancies, interstitials, association of point defects. A wide
band is observed between 3.8 and 2 eV (Fig. 9). Nonresolved
structures are present and the peak characteristic of the F*
emission is not observed. Contrary to the observations for
a-Al,O5 single crystal, the intensity varies linearly with the
irradiation parameters. The behavior of amorphous Al,O5 is
very similar to that of the polycrystal.

IV. DISCUSSION

A significant result of this paper, based on observation of
x-ray charge and excitation curves, is the evidence of the
presence of charges in the material investigated. Another
x-ray emission result concerns the average number of elec-
trons around oxygen. This number is close to unity. Then one
deduces that the more stable defects are the F* centers. This
result is in agreement with electron-paramagnetic-resonance
measurements.'”

Most of our observations concern the F* and F defect
centers and their change in the presence of charge trapping
and detrapping. The intensity of the x-ray emissions due to
transitions between a defect state localized in the band gap
and a core hole is small with respect to that of the x-ray
valence emission band for a-Al,O5; because the number of

the defect states is small. Moreover these emissions are
broadened by the Gaussian statistical distribution of the de-
fects in the material. Their intensity is a function of the num-
ber of populated defect states. These states can be occupied
before irradiation. They can be filled by direct excitation of a
core or valence electron or by shake-up effect from the va-
lence band. Under electron irradiation, the oxygen vacancies
and F* centers can also trap electrons. These electrons are
either primary electrons or secondary electrons generated by
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E :
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s o015 LS
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FIG. 7. (Color online) Square of the width of the 3.75 eV
cathodoluminescence peak of a-Al,O; (sample 3) obtained at 4
keV and 0.5 mA as a function of the temperature. The dotted line is
a fit with the model described in Ref. 9.
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FIG. 8. (Color online) Cathodoluminescence of a-Al,O;

(sample 4) observed at 90 K as a function of the electron current:
(a) at 4 keV; (b) at 1.9 keV; and (c) at 1 keV electron energy.

interaction of the primary electrons with the material that had
been thermalized in the conduction band.

Among the filling processes of a defect state, only the
trapping depends on the temperature and on the number of
thermalized electrons, thus on the number of electrons of low
energy crossing the material. The trapping depends also on
several cross sections: the probability of electron capture
from the continuum states to the highly excited levels of the
defect state, the probability of the reverse process and the
probabilities of radiative and nonradiative de-excitation to
the ground state. The intensity of the defect peaks with re-
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FIG. 9. (Color online) Cathodoluminescence under 3 keV and
0.1 mA electron irradiation of a-Al,O3 (sample 2, dashed line),
a-Al,O3 (dotted line), and y-Al,O5 (solid line).

spect to the intensity of the valence band is observed to in-
crease when the temperature and incident electron energy
decrease. The variation with the temperature reveals the trap-
ping of thermalized electrons by the defect.

For the optical spectra, the emission corresponding to the
transition between excited and ground levels of F* centers is
at 3.75 eV. From the Gauss shape of this emission we deduce
that the ground and excited levels of F* center are discrete
levels not interacting with the continuum states. At low tem-
perature, the F* emission is well resolved and quasisym-
metrical because the Gaussian broadening of the emission
decreases with the temperature.

The structure at 3.4 eV is observed only at low tempera-
ture (Fig. 6). Its intensity changes with the incident electron
energy and increases with the irradiation time. It is well re-
solved at 1.9 keV, its shape and width being thus analogous
to that of the F* emission. We interpret this structure as due
to an aggregate defect, the F} centers. Indeed, F,, F}, and F§+
centers, corresponding to two to four electrons trapped at a
next-nearest-neighbor anion vacancy pair, were shown to
exist.!!

The structure seen toward the higher energy of the F*
emission at 4.3 eV could be due to an F3* center. This peak
is observed only for the sample 4. It is clearly seen at room
temperature (Fig. 4). At lower temperatures the shift of the
F* emission toward higher energies makes its observation
difficult. However, it is still observed at 1 and 4 keV (Fig. 7).
In contrast, at 1.9 keV, only F; is present.

The emission of F centers is strongly broadened at low
temperature. Its shape at 50 K suggests that an unresolved
emission is present toward the lower energies. This emission
could be due to F, aggregate centers. Because the intensity
of emissions associated with the aggregates increases clearly
at low temperature, these defects could not be initially
present in the sample but be formed under irradiation at low
temperature. Indeed, it is known that in the presence of a
field, the defects migrate in order to form aggregates.

The relative intensities of the peaks vary at low tempera-
ture as a function of incident electron energy (Fig. 8 for
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sample 4). At 1 and 4 keV, the F%Jr emission is observed, the
F; emission is weak and the F*/F ratio is large. At 1.9 keV,
the reverse behavior is observed: the structure F; becomes
relatively intense while the F3* emission and the F*/F ratio
decrease. The changes seen at 1.9 keV are characteristic of
charge trapping. Consequently, it appears that in our experi-
mental conditions the trapping varies with the electron inci-
dent energy in the range between 1 and 4 keV.

The dependence of the F*/F ratio on electron current den-
sities varying between 0.1 and 2 mA/cm? remains weak.
However, by following the absolute intensities of the F* and
F emissions, corrected to take into account the background
intensity, both emissions increase by following a similar
variation at 1.9 keV while the intensity of F* emission in-
creases more rapidly than that of F emission at 1 and 4 keV.

The variations observed with the incident electron energy
can be explained as follows: under electron irradiation, emis-
sion of secondary electrons takes place from a surface layer
whose thickness is equal to the secondary electron escape
depth. This depth is known to be in the order of some tens of
nanometers for insulators.'> In principle, in this layer the
sample is positively charged and the secondary emission
yield is higher than one. If the primary electrons penetrate
deeper in the sample, they charge negatively deeper layers of
the material. For a specific amount of incident energy the
secondary emission yield tends to unity. Our results suggest
that for incident energy around 2 keV, the secondary emis-
sion yield rapidly decreases and presents a minimum, mak-
ing the negative charge increases. An analogous behavior has
been observed for MgO, irradiated by electrons of energy
between 1.1 and 5 keV and current density between 0.02 and
1 mA/cm?'3 It has been explained by taking into account
the elastic diffusion between primary and secondary elec-
trons. This process should induce a spatial dispersion of the
secondary electrons and their accumulation in the material.
The effect should be observable only with primary electrons
of sufficient current density and of incident energy such that
their penetration depth is equal to or slightly higher than the
escape depth of the secondary electrons.

Due to the absence of the ionic core in the F and F*
centers, the electrons exert forces on the neighboring ions
and the coupling between the electrons present in the F or F*
centers and the lattice modes is strong. The presence of mul-
tiphonon processes between the different defect states is as-
sociated with this strong coupling. The strength of the
electron-phonon coupling can be estimated from the energy
difference between the absorption and the emission, labeled
Stokes shift, or energy relaxation E,. Indeed, the energy E, is
related to the Huang-Rhys factor Syr by E,=Sygr/hw, where
fiw is the phonon energy.* The excited levels of F* center
contributing to the emission are discrete levels not interact-
ing with the continuum states. In the determination of the
Stokes shift, only the absorption to the excited levels must be
taken into account. At 77 K a small increase in the absorp-
tion is observed from about 4.2 eV, followed by two large
maxima at 4.8 and 5.4 eV, corresponding to transitions to
continuum levels.'* The Stokes shift is not precisely known
but can be estimated to some tenths of electron volt. The
value of the Huang-Rhys factor determines the strength of
electron-phonon coupling, i.e., the strength of the coupling
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between the F* centers and the lattice. For the F centers, the
Stokes shift should be larger, making these defect states more
strongly coupled to lattice vibration modes. The Gaussian
broadening of the emission bands with the temperature that
dominates the other broadening shows also the importance of
the electron-phonon interactions.

As already underlined, an F center results from the trap-
ping of a thermalized electron by an F* center. But an elec-
tron of an F center can be detrapped with large probability
because the excited levels of F can interact with the con-
tinuum, making possible an electron transfer to the conduc-
tion band. Consequently, the variation in the F*/F ratio, i.e.,
the intensity ratio of the 3.75 and 3 eV peaks, directly reveals
whether trapping or detrapping are present. A strong change
in the F*/F ratio is observed at low incident electron energy
after a long irradiation but only for sample 2. A very strong
variation in the F*/F ratio is also observed between the crys-
tal and noncrystallized samples.

Atomic structure effects are governed by the distribution
of defects. In the polycrystal and the amorphous, a quasicon-
tinuum of defect states replaces the localized discrete defect
states characteristic of crystalline a-Al,O;. The trapping
takes place in this quasicontinuum of states, situated in the
upper part of the gap. This quasicontinuum increases
strongly the emission width and facilitates the transitions be-
tween the levels of the F centers and the conduction band.
Consequently, the charge effects are more important in the
disordered systems than in single crystals and for sample 1
because it was not annealed. Indeed oscillations of the x-ray
emission have been observed at low temperature for this
sample. Charge effects are also more important for sample 2
than for samples 3 and 4 because the number of oxygen
vacancies is larger for a lower annealing temperature.

In summary, the intensity of the Al,O; F* and F optical
emissions vary widely with the temperature, irradiation con-
ditions, and the sample structure. A decrease in the F*/F
intensity ratio reveals an increase in the trapping. The density
of trapped electrons increases with a decrease in the tempera-
ture, a decrease of the incident electron energy and density
and and also with an increase in irradiation time and the
crystalline disorder. In the limit of incident energies and cur-
rent densities used in our experiments, the number of trapped
electrons is limited and the system remains in an equilibrium
state.”

V. CONCLUSION

X-ray and optical emissions provide direct evidence of the
presence of charges in insulators and display the dependence
of the charge effect on the various experimental parameters.
These emissions make possible the characterization of the
defect states. The dynamics of electron trapping and detrap-
ping, that take place between localized defect states and con-
tinuum states of insulator oxides, can be deduced from the
relative intensities of the F* and F emissions.

Defects and trapped charges induce a local electric field
and a fast electron beam creates a space-charge field. Conse-
quently, phonon-assisted tunneling from a bound state into a
free state can occur, favoring the ionization processes or de-
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trapping. On the other hand, because the electron-phonon
coupling is strong for the defect levels, multiphonon transi-
tions are present. These transitions compete with the lumi-
nescence and increase with the temperature. Their presence
is revealed by the broadening and the shape change observed
for the optical emissions with an increase in the temperature.

PHYSICAL REVIEW B 82, 075132 (2010)

In our experimental conditions, the regime existing be-
tween trapping and detrapping induced by electron colli-
sions, multiphonon transitions, and photoconversion leads to
an equilibrium under irradiation. Stability conditions can be
derived from these experiments.
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