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In this article, electron emission is used to study the defect structure of a alumina. The
need of a direct measurement of the position of the Fermi level (or the electron
concentration in the conduction band) is shown by discussing the actual electrical data on
alumina. The emission has been measured over a large temperature range (1400 to 2400 K)
and the emission of a technical polycrystalline alumina is reported up to the melting
temperature under a controlled oxygen partial pressure. Additional results are reported
for titanium- and iron-doped polycrystalline aluminas. The results are discussed from two
points of view. First the quantitative data concerning the work function are taken into
account and the contribution of the surface layer is discussed. Secondly, the dependency
of the electron emission on the oxygen partial pressure is expiained by the defect
chemistry of the oxide. The absence of variation of the electron concentration in a certain
range of Pp_ is due to a self compensation between donor and acceptor impurities.

1. Introduction

In the last decade extensive work on the defect
structure of a-Al,0; at high temperature has
been undertaken mainly by Kroger and co-workers;
some significant publications of this group are
cited [1-10] and will be used in the following
pages. In such studies the authors use combined
measurements of electrical conductivity and
transference numbers associated with optical and
magnetic determinations of the dopant concen-
tration.

It is now agreed that the intrinsic concentration
of ionic defects at stoichiometry is extremely
small (in the range 10® cm™ at 1900K according
to Mohapatra ef al. [7], compared to 107 cm™
for TiO, at the same temperature [11]) and one
of the most severe problems encountered in
interpreting experimental data is the influence
of impurities.

In defect the electrical

structure studies,
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conductivity is widely used as a convenient
method, although several parameters are generally
unknown such as the mobility of the carriers and
the state of ionization of donors or acceptors
which is determined by the position of the Fermi
level in the forbidden gap. Electron emission is
very sensitive to the position of the Fermi level in
the gap as a result of the exponential law con-
trolling the emission of electrons. At a first
approximation:

Ey

E —
Jo = AT? exp — 24—

kT )

where J,, is the emitted current density (Am™2),
Ao is a constant, 7 the absolute temperature,
Eoae the electron energy in the vacuum and
E.. — Ep represents the work function [12]. In
Equation 1 a mean reflection coefficient at the
barrier has been neglected.

The present authors use this method for study-
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Figure I Electrical  conductivity  data
reported for single crystals of o-Al,O,.
Measurements made in air, the main im-
purities of the sample were, respectively:
1 [18]: Na, Si, Ca; 2 [3]: Si, Co; 3(a)
sample IV of [1]: Mg, Fe, Si; 3(b) sample V
of [1]: Ti, Si, Ca; 4 same as 3(a) [5];5 [6]:
Ti, Si, Ca; 6 [19]: Si, Co; 7 sample I of [8]:
Si, Mo, Ca; 8(a) sample II of [8]: Si, Na, Fe;
8(b) sampleIl, of [8]: Si, Na, Fe; 9 sample 3
of [21]: Fe, Si, B, Ca; 10 [4, 15]: Fe, Si;
11 [20]: Si, Co, Bi.

1097(K)

5 6 7 8

ing the defect structure of pure oxide at high
temperature [13, 14] and consider that it provides
new information in the case of a-Al,0;.

After a short survey of the defect chemistry of
alumina, experimental results on electron emission
are reported for technical alumina and alumina
doped with titanium and iron. The experiments
were performed between 1400 and 2400K under
controlled oxygen pressures. The results are dis-
cussed in terms of native point defects and
impurities.

2. The electrical properties of alumina at
high temperature

It is appropriate to distinguish between single

crystal and polycrystalline material, which behave

differently as a consequence of grain boundaries.

Single crystal properties will be examined first.

2.1. Single crystal
Since the publication of the paper of Papis and
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Kingery [15] in 1961 there have been many
improvements in the technique of measuring
high-temperature conductivity. A significant step
was made in 1964 when Loup and co-workers
{16, 17] recognized that surface conduction or gas
leakage at high temperature is important in investi-
gations on low conductivity materials. The mostly
frequently used techniqueis a three-point measure-
ment with a guard ring and grounded tubes to
collect the charges present in the gas phase at high
temperature (> 1800K) [12, 18-20]. An alter-
native method consists in using a sample in the
shape of a tube long enough to neglect surface
conduction [20, 21]. Most pertinent publications
on single crystals, made by the three-point or tube
technique, are replotted in Fig. 1. A large discrep-
ancy remains between the various investigations:
an order of magnitude for a mean value of
3.0x1073 (Q@m)™" at 1900K in air. One reason
for such a spread is the poorly controlled purity
of the samples. According to chemical analysis,



TABLE I Incorporation reactions for a donor or an acceptor in a-Al,0,

‘Donor D Acceptor A
liow Pg,  2DO, - 2Dp1+ 30% + 1O, + 2¢’ I 2A0 ~» 2A/; + VZ + 20%
I high Po, |2DO, — 2Dy + 307 + Of’ IV 2A0 +40, - 2A; + 2h* + 30%
3DO, - 3D + V3 + 603
v [20,22V3; + 30% + 6h* VIOX 210, + V¥ + 2¢'
40, 207" + 2n*
vl DX2D+e VII AX 2 A'yp + h?

np =k;

Neutrality: 3[Vy,] + 2[07] + n+ [A'] =p + [D] + 2[V3] (3)

even for the doped samples, there is generally
more than one impurity which should be taken
into account. Careful observation, however, leads
to the following conclusions: a high conductivity
occurs when magnesium, cobalt and iron ions are
present whereas titanium and sodium apparently
lower it. The effect of silicon is not clear as it is
detected as a significant impurity in all these
samples. The contribution of the impurities to the
electrical conductivity can be understood through
the defect chemistry of the oxide.

An important step has been to show that the
conductivity of alumina doped with acceptors
{magnesium, cobalt, iron) is essentially different
from that of crystals doped with a donor
(titanium): transference number measurements
[1-10] show that in air the former are p-type
electron conductors while the latter are ionic
conductors. At low oxygen partial pressure the
reverse is observed and this emphasizes the part
played by the equilibrium between the gas phase
and the solid. These observations are explained
qualitatively by the reaction given in Table I, in
which the Kroger—Vink notation is used [22].
When oxygen is present in the gas phase, donor
impurities will be incorporated within the lattice
preferentially through Reaction II involving
aluminium vacancies or interstitial oxygens, as a
consequence the ionic conduction is likely to be
observed. At low Py for donor impurities (high
Po, for acceptors) the electron (or hole) con-
ductivity become dominant because impurities are
incorporated according to Reaction I or IV
involving electrons and holes whose mobilities are
higher than that of ions.

For a quantitative analysis, the concentration
of defects must be calculated using the equations
given in Table I. In order to manipulate the analyti-
cal expressions, one must assume, for example,
that [A%,] <[Aa] or [Aly] <€[A%;] or have a

knowledge of the degree of ionization ([Al;]/
[A%1]). This is controlled by the position of the
Fermi level according to Fermi—Dirac statistics
[23]:

[Al] _ & e
[A%i] £2

e @
where g, and g, are the statistical weights of the
species and L, the energy of the level A (£, is
referred to the valence band). A similar equation
may be written for donor states. The pre-
exponential factor entering Equation 2 has the
value 12 for cobalt, 2.5 for iron and 8.0 x 1072
for magnesium [10]. In the case of doping by
cobalt, one can consider that [Coy;]>[Co%;]
when Ef =~ E¢g,, but a similar inequality occurs for
magnesium doping only when Ep — Ey,~ 5kT
corresponding to Ey located 0.8 eV above Epy, at
1900K; the case of iron is in between these two
cases. If donor impurities are present in addition
to the acceptor dopant, the Fermi level is raised
somewhere between the two levels and the ion-
ization of the acceptor will be significantly higher.
Such a process is expected in the magnesium-
doped crystal used in [5]. If one takes account of
donor impurities (presumably silicon or sodium),
the concentration [Mgly,] calculated from the
conductivity data is significantly higher than when
donor impurities are neglected as was assumed in
[5]. Thus the degree of ionization is probably
larger than expected by the authors.

Another essential parameter in the quantitative
analysis of the electrical data is the energy of the
level E,. Kroger ef al. [1-10] have attempted to
evaluate it by a rather indirect method from data
obtained by electrical conductivity measured
under non-equilibrium conditions. The main
assumptions of their calculation are:

1.[A'\]/[A%,] is constant and there is no
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TABLE II Energy levels in ¢-AL,O, (eV); energy gap Ey=10-15x10"° T?-°, electron affinity x (300 K) ~ 1 eV

Acceptors Eg — Ey = (Ep —Ey)° — 8T

Donors Eq — Ep = (Ep — Ey)° — T

300K 1900K 300K 1900K
Mg thermal 1.83! 1.19' g~ 410"*eVK™! Ti thermal 2.4° 2.01*° g~ 410 eVK™!
. 2.76
optical 3.8°
4,25
Co thermal 3.06%3
optical 4.0%s
Fe thermal 297 8~510"*eVK™!
4,732
optical 4.87
A thermal 2.358 _ . D thermal 3.17% B~510"*eVK™?
A* thermal 3470 8=5107eVK™  p 1) thermal 4.17°
5.92?

A, A* D and D* are non-identified acceptors and donors

TISI[10]5° [3]5 % [44]5 °[45]);© [4]; 7 [46—491;° [8]; 7 [43]; ' [6]; * [25, 26].

charge redistribution on traps levels during the
experiment;

2. the values of the mobility and the variations
of the energy levels with the temperature are
known.

Even with such assumptions the attempt is very
interesting as it gives an order of magnitude for
the thermal energy values which may be different
from optical ones [24]. Table II [3-6, 8, 10,
25--27, 43] summarizes the values extracted by
Kroger ef. al. for several dopants as compared
with other determinations; indicated also is the
thermal band gap and the electron affinity
(Evac — Ec). This last quantity is small compared

to that of other oxides [27] and its variation with
temperature is unknown., All these values are
plotted together in Fig. 2 assuming a negligible
variation of x with 7.

In order to have a complete analysis of a com-
pound it is generally necessary to simplify the
neutrality equation: Equation (13) in Table 1. One
often makes the assumption that a dopant pre-
dominates among various impurities and this
allows one to neglect certain defects. For example
in titanium-doped crystals, V3; or O’ are supposed
to predominate [6] with V3 being the most likely
species; in crystals doped with acceptors (mag-
nesium, cobalt, iron), Al¥ or V3 will probably be

Vacuum level

CONDUCTION BAND X Electron affinity
£c
2}
; Tim Ti—
. ™~ —Fe
- ——— -
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o e —— -
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6l A o —A¥*
Com *
D
Mg/;
8+ EV
Mg =

VALENCE BAND

Figure 2 Energy diagram in AlO,
according to Table II. For simplicity
the electron affinity x is assumed to

300
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'in a majority [3—5]. This is, however, only a rough
assumption in compounds where impurities are
often in the same order of concentration as the
dopant; the compensating impurities are expected
to reduce the effect of the dopant on the electrical
conductivity. This is probably why there is only
a small difference (less than a factor two) between
the hole conductivities of magnesium-, cobalt- and
iron-doped aluminas.

One can conclude this discussion by emphasizing
the need for direct measurement of the position of
the Fermi level in alumina. The thermo-electric
power is useful only for electronic conductors. For
mixed conductors it appears to us that thermo-
electronic emission measurement is a valuable
method, being direct and easy. The experimental
method is described in Section 3.

2.2. Polycrystaliine solids

A polycrystalline compound is an inhomogeneous
material in which the grain boundaries have a
structure and a composition which may differ
from the bulk. This is obvious when a :second
phase has precipitated [28] but segregation can
also occur without precipitation as in the case of
CaO-doped Al,O; [29]. The grain boundaries have
an effect on such properties as electrical con-
ductivity [9, 30], chemical diffusion [31], redox
kinetics [32], sintering [33] etc. Grain-boundary
effects are enhanced by small crystallite diameters
and Kroger et al. have recently shown their influ-
ence on the electronic conductivity of iron- and
titanium-doped Al,03 [9, 30, 34] by using samples
with controlled grain size. The electronic con-
ductivity rises when the grain size decreases but
no such effect is observed on the ionic conduction.
A model based on the evaluation of the space
charge due to grain-boundary segregation and its
effect on the electronic conductivity [30] fits
rather well the electronic part: the rise in con-
ductivity can be accounted for by a curvature of
the energy bands near the surface due to the
segregation of the dopant at the surface of the
grains. The absence of variation in the ionic con-
ductivity is not well explained. When the grain
size is larger than 10 um the effect of grain bound-
aries on the conductivity is negligible [30].

2.3. Conclusions
Summarizing:

1. the electrical properties of alumina at high
temperature are controlled mostly by impurities,

the concentration of which is generally larger than
that of defects formed by native disorder or non-
stoichiometry. Acceptors increase the hole
conductivity to a value higher than the ionic
conductivity in air. On the other hand, donor-
doped materials are principally ionic in air. The
energy levels of the dopant are not precisely
known;

2. the properties of polycrystalline aluminas
are controlled by grain boundaries when the grain
size is smaller than 10 um. The properties of these
grain boundaries are not well described;

3. measurements of the position of the Fermi
level are needed at high temperature and under
conditions of controlled oxygen partial pressure.

A method for such measurements using elec-
tronic thermo-emission will now be described.

3. Experimental method

The experimental method described here consists
mainly in measuring the current of electrons
emitted from an oxide heated under a reduced
pressure. The oxygen partial pressure is varied by
leaking pure oxygen into the vacuum chamber in
such a way that the total pressure is adjusted
between 107 and 10Pa (the atmosphere, moni-
tored by a mass spectometer, is pure oxygen).
Heating of the sample is achieved by two methods
each being used in a selected temperature range.
They both give the same value for the emitted
curient at ideatical temperatures.

For temperatures lower than 1900K an iridium
ribbon, directly heated by the Joule effect, is used.
The oxide is deposited on one face of the ribbon
by a drop (a few mm?®) of a fine powder in suspen-
sion in isopropyl alcohol. After slow drying, a
smooth layer of 10 to 50 um is obtained which is
then sintered in air at 1500 K. The layer is mech-
anically resistant and sticks well to the metal. The
small thickness ensures that its temperature is
the same as that of the metal support, particularly
at high temperature where most of the heat transfer
is made by radiation. The temperature is measured
by optical pyrometry on the back face of the
ribbon. Since very high temperature experiments
may change the surface morphology by grain
growth, the sample is initially heated at high tem-
perature (1900K) under 107" Pa oxygen in order
to stabilize the surface morphology. After this
procedure the experiments are reproducible. The
emitted current of electrons is measured by the
diode technique with two circular concentric
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electrodes. The central anode has a surface smaller
than the oxide layer so that the emitting area is
known (10 to 20 mm?) and the outer one acts as a
guard, defining parallel lines for the electric field.
The Schottky law is used to extrapolate the
current to zero field [27].

For temperatures higher than 1900K, an image
furnace is used to heat the sample. The light of a
high-pressure xenon lamp is focused on a sintered
sample placed at the focal point of an elliptical
mirror (Fig. 3). The sample is inside a quartz
container connected to a vacuum system having a
high pumping speed. Even at very high temperature
(3100K can be reached) the residual pressure is
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Figure 3 Experimental apparatus for the
high-temperature experiment.

pyrometer
semi-transparent
mirror

ocusing mirror

anode (metallic wire)
-

in the range of 107 Pa. The temperature is
measured by optical pyrometry using two pyrom-
eters: one is bichromatic and the other mono-
chromatic. The first is necessary to suppress the
problems of optical transmission through the
quartz, the second is used for calibration at the
melting point of alumina (IUPAC data are used:
T, (A1,03) = 2327 + 6 K). A special design is used
for the electrodes: the cathode is the sample itself,
it is electrical connected to the power supply by
an iridium wire located at the rear; the anode is a
guarded wire facing the sample. Such a configur-
ation is necessary to avoid a shadow of the elec-
trode on the sample. A modulator is also used to



TABLE 111 Spectrographic analysis (ppm)

Al1,0, Degussa (99.7%) ALO,-Ti Al,0,-Ti
(before) (after)
Acceptors Zn 70 — —
Ni 80 30 30
Mg 1800 180 60
Fe 800 50 50
Ca 1000 - —
Co -~ 50 50
Donors Si 85 200 350
Na 200 — -
K 60 - -
Ti 30 3600 200
Zr 30 - —
? Mn 25 - -
Cr 75 — -
As 50 - —

mask the light source when the measurement of
the temperature is made. The /-V curve of the
diode is obtained using a sawtooth voltage wave-
form synchronous with the temperature measure-
ment. The emitting area is estimated from a
photograph of the hot sample and the current
density is determined by dividing the measured
current by the estimated area. Temperature non-
uniformity across the sample has little effect on
the measurement because the low temperature
area contributes weakly to the total current as a
consequence of the Arrhenius dependence of
Equation 1. This method enables us to operate
with a satisfying accuracy at very high temperature:
the electron emission of alumina has been measured
for the first time at the melting point on sintered
samples.

Experiments were made on technical alumina
(Degussa of 99.7% purity). The main impurities
are listed in Table III. Powders of titanium- and
iron-doped Al,03; were prepared by Kroger er al.
and were melted in air by us under a CO, laser
beam to improve the diffusion of the dopant inside
the bulk. After such treatment the powders were
respectively, light blue and dark yellow as usual
for these dopants. For the titanium-doped material
additional weak lines appeared in the X-ray spec-
trum corresponding to Al, TiOs precipitates.

4. Experimental results
4.1. Technical alumina
Samples of sintered rods (98% theoretical density)
were cut and positioned in the arc image furnace
(diameter 7 mm, thickness 3 mm). After heating
the sample in air up to the melting point, its

colour changed from yellow—pink to red—pink.
On the other hand, heating in reduced oxygen
partial pressure (Pg, = 10? Pa) turned the initial
colour to white. These variations in the colour are
apparently due to oxidation—reduction changes of
the aliovalent impurities: see Table I. The density
of current emitted by the high-temperature method
is in good agreement with previous determinations
made by the ribbon technique at lower temperature
[27]. The results are plotted against oxygen partial
pressure in Fig. 4a. There is no variation of the
current with oxygen partial pressure in this range
Po,: this is a remarkable property previously
unobserved on equilibrated oxides in electron
emission studies. A plot of the current against the
inverse of the temperature is shown in Fig. 4b. As
no dependence on P was observed, its values are
not mentioned on the curve. The dotted line corre-
sponds to measurements in the liquid phase. Over
this range of temperature the emission is smaller
(six times) than expected from an extrapolation of
the solid state. This is equivalent to an increase
of 160meV of the work function occurring
presumably on melting. For solid samples, the
activation energy is around 6 eV.

4.2. Titanium-doped alumina

The experiments were made by the heated ribbon
technique. The emission was measured against
temperature (Fig. S5a). The activation energy
obtained from a plot log /o — 1/T is between 5.9
and 5.5eV, a value not very different from the
value obtained on the technical alumina. Measure-
ments were also made at constant temperature
and for decreasing oxygen partial pressure, the
sample being re-equilibrated afterwards at high
Pp,. Several isotherms were made at increasing
temperatures (Fig. 5b). Two samples were investi-
gated, the first of which was not pretreated at high
temperature as described in Section 3, the results
being, however, essentially identical.

A spectrographic chemical analysis was made
before and after the experiment: see Table III. The
starting product had 7000 ppm titanium; after pre-
treatment 3600 ppm was found and only 200 ppm
after the experiment. The quantitative analysis is
however, subject to caution because of the very
small amount of material used in the experiment
(few mg). Nevertheless there is a strong indication
that some titanium is lost during the experiment.
The variation in the magnesium content (Table I1I)
is not significant. Thus the doping concentration is
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Figure 4 (a) Electron emission of a poly-
crystalline technical alumina (99.7% pure)
as a function of the oxygen partial pressure,
PO,- (b) Electron emission of a polycrystal-
line technical alumina (99.7% pure) as a
function of temperature: the activation
energy is~ 6eV,



Iy (A m—Z) Ti - Al ,03 Ij"igure.S (a) Electron emission .of polycrystal-
line Ti-doped AL,O, as a function of tempera-
- ture: the activation energy is 5.5 < E,o <
5.9eV. (b) Electron emission of polycrystalline

1870 K Ti-doped ALO, as a function of Pg_.
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Figure 6 Electron emission of polycrystalline
Fe-doped Al,0, as a function of Po,.

L
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not well controlled and may have changed during
the experiment made at high temperature by
isothermal runs.

The isotherms of Fig. 5b, show a plateau at
low Pg,, followed by a decrease in the current at
high oxygen partial pressure. The slope in a log—log
plot is between — 1/3.8 and — 1/3.6.

4.3. lron-doped alumina

The iron-doped alumina had an initial doping of
3wt% iron and no spectrographic analysis was
made. The sample was found to be dark yellow
after the experiment which indicates that some
iron remains in the sample. The results of iso-
thermal experiments made as before for the
titanium-doped samples are shown in Fig. 6a. The
emission decreases with oxygen partial pressure
with a slope, in a log—log plot, which is — 1/4 at
high temperature and — 1/6 at low temperature.
In this latter range the curve was significantly
flatter at high P, defining a plateau as observed
previously in titanium-doped Al,Oj, but in the
high oxygen pressure range. The activation energy
of the emission in the low P range is nearly
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POZ(Pa)

6.6¢eV, not far from the value for the technical
alumina and for titanium-doped alumina.

5. Discussion

The discussion of the results reported above can be
divided in two parts. The first is supported by a
quantitative analysis of the data in terms of the
work function. The importance of segregation of
impurities on the value of the work function is
emphasized. The second part accounts for the
oxygen dependency of the emission results
assuming it to be due to changes in the defect
chemistry of the layer involved by the electron
emission.

5.1. The Fermi level in aluminas at high
temperature

From the results shown above (Figs. 4 to 6) and
Equation 1 it is possible to calculate the work
function ® (Fig. 7). The work function so cal-
culated is generally called the “effective work
function” as opposed to the ‘“Richardson
work function” obtained from the energy of
activation of the emission, the slope of plots of
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Figure 7 Dependence of Fermi level on temperature for
several aluminas at Pg, =2 X 1072 Pa calculated from the
experimental results of Figs, 3 to 5. Also represented are
the levels for Ti and Fe from [10].

log Jo/T* — 1/T. The Richardson work function is
equal to the work function at zero Kelvin and
does not contain any information on the tem-
perature dependence of ®. On the other hand,
as seen in Fig. 7, ® changes weakly with T'; the
variation of ® with T depending of the type of
the impurity (for a general discussion see [23]
or [35] in the more specific case of MgO). In a
doped material with a compensated donor the
work function @ passes through a minimum as the
temperature rises, the minimum corresponding to
the exhaustion temperature. This temperature is
shifted to lower temperature by addition of a
compensating impurity. On this basis and from
Fig. 7 it appears that the titanium-doped material
is less compensated than the technical and iron-
doped aluminas investigated here; this is in agree-
ment with the chemical analysis.

From Fig. 7, the work function in aluminas
ranges from 5.2 to 4.8eV between 1500 and
1900K, with a remarkable insensitivity to the
doping by aliovalent impurities. Assuming a Fermi
level pinned at the energy level of the impurity
and from the position of the impurity levels given
in Table 11 and Fig. 2, the Fermi level of titanium-

doped Al,O3 should be approximately 3 eV below
the conduction band and 4 to 5eV for the iron-
doped Al,0,: the work function should thus be
different by approximately 1eV for these two
compounds. Two possibilities can be put forward
to explain the observed behaviour:

1. the surface does not have the same com-
position as the bulk and does not follow the
doping;

2. the surface is not very different from the
bulk which is not completely doped, the doping
level being insufficient to pass over the native
impurities concentration.

This second hypothesis will be examined in
Section 5.2.

The first case is discussed primarily and appears
to be a consequence of segregation which is a very
general process [36, 37], it is commonly inter-
preted in terms of one or other of two models.
First, the surface and grain boundary of an ionic
solid in equilibrium can carry an electrical potential
resulting from the presence of an excess of ions
of one sign [38], this is the case if the free energy
of formation of anion and cation point defects
differs [39]. The charge developed at the boundary
is compensated by a space charge of the opposite
sign. If aliovalent foreign atoms are present, they
affect the concentration of native defects and take
part in their redistribution. The second model is
based on strain energy effects induced by dif-
ferences between the ionic radii of the host and
additive ions. In either case, especially with
aliovalent impurities, the local neutrality of the
crystal is not conserved and a space charge is
created in the subgrain to compensate the bound-
ary charge. Several hypotheses can be made con-
cerning the repartition of the potential as a
function of distance from the surface [38], in the
frame of the double layer theory [40], the
potential decreases exponentially with the distance
x from the surface. Depending on the sign of the
charges, the defect concentration is different in
the bulk and in the subgrain. For example, if
positive surface states exists, a negative space
charge develops in the subgrain that repels positive
charges to the bulk and accumulates negative
charges near the surface. Thus the Fermi level will
be closer to the bottom of the conduction band
and the work function smaller (see Fig. 8a). An
enrichment of subgrain in an impurity present in
titanium-, iron-doped and technical alumina can
explain why the work function is insensitive to the
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Figure 8 (a) Energy diagram versus the distance
to the surface. Effect of segregation. (i) The
surface has a composition identical with the
bulk; (ii) the surface is enriched with positively
charged atoms: the work function @, < @,. (b)
Plot of defect concentration against Py, in the
bulk and in a boundary layer. (i) In the bulk;
(ii) near the boundary, if positive charges are
on the surface.
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doping. Technical alumina probably behaves like
an acceptor-dominated compound [8] as the iron-
doped alumina does, in these materials the Fermi
level is smaller (1eV) than expected, it is thus
possible that negatively charged atoms which are
in excess in the acceptor-dominated materials are
accumnulated below the surface. Let us add that
our titanium-doped compound also contains
acceptor-type impurities (see Table III), eventually
segregating and contributing to hide the bulk
variations of the Fermi level.

This discussion underlines the real need to
develop chemical characterization techniques of
the surface and of the bulk operating at high
temperature.

5.2. Effect of oxygen on emission: defect
chemistry

In the previous discussion the oxygen dependence
of electron emission was not taken into account; it
is the subject of the present section to discuss this
and to emphasize the role of point defects. In
several oxides (see, for example, [12—14]) it has
been observed that the emission density changes
with the oxygen partial pressure according to the
defect chemistry of the particular oxide. In the
absence of surface states (or energy band bending),
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the density of emitted electrons is proportional to
the conducting electron concentration (bulk con-
centration) as can be shown simply by the appli-
cation of the Fermi—Dirac statistics to Equation 1:

Jo = AoT* ——exp—% @

n

N, kT
The number of conducting electrons, », is related
to Py through the equilibria given in Table I. If
segregation occurs, then the concentration of
defects near the surface is no longer an equilibrium
concentration as it is in the bulk. On the other
hand, if the potential is assumed to decrease expo-
nentially with x, then the concentration of the
various charged species can be approximated by:

lo Ny = +z-ew—°ex -

g N? T i€ eXp xp
where the negative sign has to be taken if positive
surface states are associated with the boundary
(positive sign for negative surface states), In
Equation 5, Y, is the potential at the boundary,
z;e the charge on a species i, V; the concentration
at a distance x, N7 the equilibrium concentration
of i in the bulk and 1/xp the double layer thick-
ness or the Debye length. From Equation 5 it
follows that the defect concentration depends on

(5



X but remains proportional to the bulk value and
thus keeps the same dependence on Pg, [41] (see

Fig. 8b). Accordingly, the emission density should-

have the same variations with Pg_as the electron
bulk concentration. In that respect the electrical
conductivity is more complicated, because it
involves both negative and positive charge carriers.
The conductivity may thus have an n-type charac-
teristic in the boundary layer while it is p-type
in the bulk if negative charges accumulate below
the surface.

The case of a technical alumina is considered

In the range where Equation 6 is valid, e.g. at low
Py, the electron concentration is

(18 —[A'] + [D])
(A7~ (D]

n=ku ()

The oxygen pressure where V3 becomes com-
petitive in Equation 7 depends very much on
[A'] — [D]. A small rise in [D] has alarge effect on
n and on the oxygen pressure where [V2]] > [A']
(thus when Equation (7) can be approximated by
3[Vi]] = [A] + [D]). In that new regime, when n
decreases with Pg , such behaviour has been

first with the aim of discussing he absence of
emission variation with Py (Fig. 4a). As the elec-
tron concentration involved in the emission is
expected to be proportional to that of the bulk,
we will calculate that contribution in the bulk.
The technical alumina has a relatively low purity
(99.7%) and impurities should thus play an
important role. Donor impurities are sodium,
titanium, zirconium . . . , 400 ppm and acceptor
impurities of magnesium, iron,” nickel, zinc,
cobalt . . ., 2700 ppm. Acceptor impurities are
in the majority, but due to the presence of donors,
the Fermi level is raised toward the centrum of the
band gap; the acceptor levels are thus highly
ionized. The absence of variation of n_with Po,
seen in Fig. 4a shows that electrons are not created
by intrinsic non-stoichiometric defects: V3, Al¥,
V3, but more likely by ionization of an impurity
level. If acceptor levels are ionized, in order to
explain a variation of n with T readily observed
(see Fig. 4b), we have to suppose that a donor
level is not completely ionized, owing to its deep
position in the band gap. Considering Fig. 2, this
hypothesis is plausible. The electroneutrality is
thus written:

[A] +[D] = [A] (6)

where [A] are un-ionized donors whose con-
centration is related to n by n[A]/[A*] =ka.
[D] is the concentration of all the tonized-donors
and [A'] the acceptors. It has been seen for
another sample of technical alumina [27], that
the emission decreases with Pg above 1072 Pa
(at 1700K). This is proof that in that case V3, are
present, instead of V4 or Al{ that would induce
an oxygen dependency at low Pg . Equation 6
has to be modified to take account of the V3| in
the high Po_range:

[A] +[D] = [A'] + 3[V&] (7

observed Tor titanium-doped alumina (see Fig. 5b)
which show an emission independent of Pg, but a
decrease with increasing Po_above 107° Pa. Let us
note that the emission of the plateau is slightly
higher than for a technical alumina, as expected
from Equation 8 if [D] has risen. According to the
defect chemistry (Table I), we should observe in
that range n«Pg*® if [A] > [D] and n «Po®
for the contrary. The slope of the experimental
low is closer to —1/4 than to — 3/16. Other
possibilities such as interstitial oxygens ([O;] =
[A] + [D]) also give a law of — 1/4. In fact, inter-
stitial oxygen cannot be excluded in polycrystalline
alumina: Of is probably the major diffusing species
at.the grain boundaries [31]; O; is also invoked to
explain the features of dislocation near rutile
precipitates in single crystal Al,O5 [42].

The behaviour of iron-doped Al,0; (Fig. 6), is
different from that of titanium-doped Al,O;:
there is a decrease in emission at lJow oxygen
pressure followed by a plateau at high Pg, . At low
Pg . the iron impurities favour the formation of
V& or A} [4] and give a dependence of the
emission on Pg . The slope — 1/4 is consistent
with V2 and ionized acceptors ([Fe'y;] = 2[V3]).
At lower temperatures a smaller slope could be
explained by a decrease in the ionization degree
of the acceptor states. At high Pg , a compensation
between donor impurities and iron-substituted
atoms explains the plateau. From the relatively
high position of the iron-level in the band gap of
Al,05 (Fig. 2), a partial ionization of that level
can be assumed. The situation is, therefore, sym-
metrical to that described for the titanium-doped
AL O;.

From the above discussion it is seen that the
absence of variation in the electron concentration
with Poz, which was observed in these aluminas, is
the consequence of an incomplete doping: im-
purities are in too high a concentration with respect
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to the doping concentration. This, in turn, could
explain why the absolute value of the emission
is not very different from one sample to another.

6. Conclusion

Experiments made on various aluminas (technical,
titanium- and iron-doped) have shown that the
work function in these compounds is of the order
of 5eV at 1873K. The Fermi level position,
relative to the conduction band edge at the surface,
is not very different from one sample to another.
This fact indicates a possible segregation of a
common species to these materials and a band
curvature at the surface as a consequernce.

It was found that a common feature of these
compounds is to have a range where the electron
concentration is independent of Pp, . This was
interpreted within the frame of point-defect
theory as a consequence of self compensation
between donor and acceptor impurities. In these
samples, the doping concentration is not high
enough to control the electronic properties
of the layer.
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