PHYSICAL REVIEW B VOLUME 8,

NUMBER 12

15 DECEMBER 1973

Energy Levels of Iron and Aluminum in SrTiO,

F. J. Morin and J. R. Oliver
Science Center, Rockwell International, Thousand Oaks, California 91360
(Received 4 June 1973)

An attempt is made to locate the energy levels associated with iron and aluminum in the band gap of
SrTiO;. A relative energy-level scheme for these impurities is derived from data in the literature,
principally ESR and optical absorption. Measurements of thermally stimulated current, electrical
conductivity, and thermoelectric effect are reported in this paper. These results suggest ‘specific
energy-level assignments as follows: oxygen-ion-vacancy donors 0.085 eV below the conduction band;
AP’* acceptor, 0.18 eV; Fe** acceptor, 0.75 eV; Fe** acceptor, 1.06 eV; and Fe’*-vacancy acceptor
1.35 eV above the valence band. Other levels whose identities are unknown are acceptors at 0.50 and
0.65 eV from the valence band and a donor 0.35 eV from the conduction band. The possibility is
discussed that the acceptor Fe** vacancy acts to couple the bound-free vacancy equilibrium to

the electron-hole equilibrium.

1. INTRODUCTION

The possible utility of SrTiO; as a model material
with which to study d-band surface states was sug-
gested in previous papers.!*? Prior to such a study,
however, some knowledge was required concerning
the energies of bulk states introduced into the band
gap by background impurities and lattice defects.
Very little information of this kind exists for SrTiO;.
Furthermore, nearly all of the experimental liter-
ature on SrTiO; has depended upon a single com-
mercial source of crystals. Accordingly, in order
to obtain a preliminary view of the electrical prop-
erties of this material, we have made measure-
ments of thermally stimulated current, electrical
conductivity, and thermoelectric effect on insulat-
ing crystals of commercial SrTiO;.

Aluminum and iron are the major electrically
active background impurities. They enter the
lattice as AI** and Fe®* substituting for Ti** and
bring with them oxygen-ion vacancies which pre-
serve lattice neutrality. The transport processes
which result from these defects can be quite com-
plex. Iron, which can exist in several valence
states, introduces a set of energy levels spread
across the band gap. The iron-vacancy complex
introduces an additional set of energy levels. The
condition of electrical neutrality produced by the
growth process is such that the Fermi level lies
in the lower half of the band gap. However, va-
cancies are thermally liberated from the aluminum-
vacancy and iron-vacancy complexes with the re-
sult that vacancy transport dominates hole trans-
port over a wide temperature range in the as-
grown undoped crystal. A further complication of
the transport behavior appears to occur because
the iron-vacancy complex, which can act both as
a source of mobile vacancies and as an electronic
energy level, couples the bound-free vacancy equi-
librium to the electron-hole equilibrium.
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In this paper we shall make use of data from the
literature together with our transport measure-
ments to construct a tentative energy-level scheme
for aluminum and iron in SrTiO;. In a subsequent
paper we plan to describe measurements of vacancy
transport and of phenomena associated with coupled
electron-vacancy equilibria.

II. BACKGROUND

The dominant electrical impurities in commer-
cial SrTiO; are aluminum and iron. In the as-
grown crystal they are present largely as AI** and
Fe®* substituting for Ti**. Electrical neutrality is
maintained by the presence of oxygen-ion vacan-
cies which are associated with approximately one-
half of the impurity ions. Electron-spin-resonance
(ESR) and optical-absorption studies are primarily
responsible for knowledge of these defect centers
and of the changes produced in them by oxidation,
reduction, thermal quenching, and band-gap illu-
mination. The energy-level scheme shown in Fig.1
has been derived from these studies. It shows the
energy levels due to aluminum and iron we expect
to find in the ~3-eV band gap of SrTiO;. The Fer-
mi level in Fig. 1 is at the top of the valence band
and the levels which we shall describe are drawn
as being empty.

Oxygen-ion vacancies can be expected to produce
energy levels near the conduction band which act
as donors and as electron traps. The aluminum-
vacancy complex, for example, may be written
AP VTi®* when neutral. In this representation,
AP" and Ti%* are located in adjacent oxygen octa-
hedra which share a corner. The corner is oc-
cupied by an oxygen-ion vacancy. This donor can
ionize to deliver a single electron into the conduc-
tion band by the reaction

AIP*VTi® - AI*VTi +e .
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FIG. 1. Energy-level scheme for iron and aluminum
in SrTiOs.

Fe** VTi** also forms a similar donor center. The lo-
cation of the electron within the center has not been
determined. We have assumed it to be on the tita-
nium since we expect the presence of the vacancy
to lower the Madelung potential at the titanium site
and split a level from the conduction band. Another
vacancy donor, not shown in Fig. 1, is the double
donor Ti**VTi®* which is introduced into the crys-
tal by reduction. In transport studies on reduced
crystals, 34 temperature dependence was ob-
served for conduction-electron concentration which
indicated an ionization energy of 0.08 eV for one of
the levels of Ti’*VTi**. ESR studies® on insulat-
ing SrTiO; indicate the presence of an electron
trap which is stable at 77 °K but not at 300 °K.

This result suggests a trap, which may be asso-
ciated with the vacancy centers, within a few tenths
eV from the conduction band.

Aluminum is expected to introduce an acceptor
level which, when neutral, may be written as
AP*O". ESR studies® indicate that the hole, shown
on the oxygen in this representation, is shared by
the oxygen octahedra which surrounds the aluminum
The center also has been seen to act as a hole trap
which empties above ~100°K. This process may
be represented by the reaction ’

AI*0 = AI*O% +1 .
The low temperature at which the trap empties
suggests that it is within a few tenths eV from the
valence band as shown in Fig. 1. The analogous
hole trap Fe3*O" is not expected to exist because
the acceptor level Fe¥'O" probably lies below the

Fe*'0% level for iron and will be filled by the re-
action

Fe¥*0" -~ Fe**'0*" .

Furthermore, no resonance signal has been seen
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which could be associated with the hole in Fe®*O".

Iron plays a much more complex role than does
aluminum because, in addition to associating with
vacancies, it can occur in several valence states.
ESR and optical absorption have indicated®~® the
presence of iron in the valence states 2+, 3+, 4+,
and 5+. These states are represented by the three
empty levels shown in Fig. 1 as being spread
across the band gap. They may be filled by elec-
trons according to the reactions

Fe’* -Fe' +n,
Fe** -Fe®* +1h ,
Fe** ~Fe® +h .

A second set of levels is also to be expected
from the iron-vacancy complex. These levels are
shown empty in Fig. 1 and may be filled by the
reactions

Fe'V ~Fe**V+h,

Fe**'V ~Fe*V+h .

The energy level for an iron-vacancy complex as-
sociated with a particular valence state of iron is
shown to be lower than the corresponding level

for the same valence state but with no vacancy.
This is because the Madelung potential is lowered
on the cation site next to a vacancy. A level is

not shown for Fe®'V because it would appear to be
a very unstable complex. An axial ESR signal has
been identified with Fe3*V but neither Fe®*V nor
Fe*'V have been detected. Since the center
Fe¥*'VTi* has a net positive charge, it is a possible
electron trap but with the electron on the Fe3* rath-
er than on the Ti** as discussed above. The Fe3*V
signal is seen to disappear at the same rate that
Fe'* is generated from Fe®* with band-gap illumi-
nation and to reappear when Fe®* is reformed by
bleaching.® This result suggests the possibility
that the electron is being trapped according to

the reaction

Fe¥ + Fe¥*V~ Fe'*+ Fe®V.

The ESR and optical-absorption results suggest
where the Fermi level might be drawn in Fig. 1.
We know that iron is present as Fe®* and Fe**V in
the as-grown crystal. This implies that the Fermi
level is between the Fe** and Fe?*V levels so that
the former is full and the latter is empty. Oxi-
dation, which increases the Fe* concentration,
moves the Fermi level down into the Fe** level.
Irradiation with band-gap light produces a trapped
hole® which has been identified” as Fe®* and which
is stable at 300 °K. This places the Fe’* level at
least a factor of 3 deeper into the band gap than
the aluminum hole trap which empties at ~100°K.
The Fe® resonance increases in intensity when
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the crystal is doped with additional aluminum,
another indication that the Fe®* level lies above
the A1’*O" level as shown in Fig. 1.

The Fe®* state is also produced® when the crys-
tal is cooled rapidly from 1200°C in oxygen. This
observation, together with the fact that the Fe®*
trapped hole is stable at 300 °K, suggests the pres-
ence of a stable, and therefore deep, electron trap.
If we assume that the deep trap is Fe®'V then the
reaction which produces Fe®* with thermal quench-
ing or optical excitation must be

Fe* + Fe¥*V - Fe% + Fe?*v .

Therefore, the production of Fe®* depends upon the
location of the Fermi level, for if half of the iron
is present as Fe®*, then the reaction becomes

Fe®* + Fe¥*'V~ Fe* + Fe®'V,

and the Fe® is not produced. This may be the sit-
uation in iron-doped crystals where it was observed
that Fe®* could not be produced by optical excitation
or by quenching from elevated temperatures.

So far in this section we have been considering
the electronic properties of SrTiO;. Studies of
electrocoloration® have shown, however, that oxy-
gen-ion vacancies may make a significant contri-
bution to conductivity at temperatures above
~400 °K. The vacancies that we have to contend
with, as pointed out above, are brought into the
lattice to compensate the deficiency of positive
charge on 3+ impurity ions. High-temperature
measurements of the oxygen-ion self -diffusion
coefficient!? show that it is independent of oxygen
pressure. This suggests that the concentration
of vacancies introduced with the 3+ ion impurities
exceeds the concentrations associated with equi-
librium stoichiometry. Thus heating the crystals
in various partial pressures of oxygen can be ex-
pected to change the relative amounts of donors
and acceptors and thus the Fermi level, for exam-
ple, by the reaction

AI*0* + AI*V +0. 5 O,(gas) — 2A1%0",

but will not eliminate vacancies from the lattice.
This result is important to our experiments in
which we found that vacancy transport could be
suppressed by oxidation to allow hole transport to
be studied. Oxidation did not significantly reduce
total vacancy concentration, however, with the
result that coupled hole-vacancy equilibria were
still present to complicate hole transport.

HII. EXPERIMENTAL

Samples from six boules of SrTiO; were studied ™
Three boules were nominally undoped and the re-
maining three were doped, respectively, with alu-
minum, iron, and vanadium. Solid mass-spectro-
graphic analysis for the major impurities is shown
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in Table I. The background impurity levels of the
doped crystals were assumed to be those shown in
Table I for B3 except that in the case of the alumi-
num-doped crystal molybdenum was inadvertently
added and in the case of the vanadium-doped crys-
tal aluminum was inadvertently added. Vanadium
was chosen as a dopant after experiments on un-
doped crystals showed the Fermi level to lie in the
lower-half of the band gap. It was hoped that the
addition of vanadium, a donor, would move the
Fermi level into the upper-half of the band gap
and thus facilitate the study of defect levels in that
energy region. The addition of aluminum with the
vanadium prevented this.

Sample specimens were 10X2X1 mm cut parallel
to the cubic axes of the perovskite lattice. Me-
chanical damage was removed by etching in hot
phosphoric acid. Contacts were made using Hanovia
liquid gold cured in air at ~600 °C for approxi-
mately 60 sec. Gold, rather than the frequently
used gallium-indium alloy, was used for contacts
to permit measurements to be made at high tem-
perature. Gold on p-type SrTiO; meets the re-
quirement for Ohmic contacts, namely, that the
work function of the metal be less than that of the
insulator. The gold contacts on our material gave
linear current-voltage characteristics over a wide
range of voltage and temperature. The work func-
tion of indium-gallium against SrTiO; is about one-
third that of gold. ® Contacts of indium-gallium
alloy gave current-voltage characteristics at room
temperature identical to those found for gold. In
addition, a four-point-potential -probe measurement
of conductivity, using gold contacts, was made on
a sample of oxidized undoped SrTiO4 over the tem-
perature range 300-1100 °K. The results were
the same as those obtained with a two-point con-
ductivity measurement. Consequently, the mea-
surements reported in this paper made use of only
two contacts in order to simplify sample-holder
design.

The low-temperature sample holder permitted
operation between 55 and 500 °K with a gas or a

TABLE 1. Mass-spectrographic analysis of the major
impurities in SrTiO; crystals (atomic parts per million).

Impurity B1 B2 B3 B4 B5 B6
Al 10 8 6 600 150
Fe 25 20 30 80
w 15 2.5 0
Cr 4.0 <1
Na 46 7.0 32
Si 16
Cl 35 70 44
Mo 34
\4 72
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mechanical-pump vacuum as ambient atmosphere.
The sample was supported between two heated
blocks which permitted heating -rate control, typ-
ically 0.1°K/sec, and the establishment of a tem-
perature gradient along the length of the sample.
The design was intended to permit measurement
of the sign but not the absolute magnitude of the
thermoelectric effect. The sample was illuminated
with light obtained from a halogen-tungsten lamp
and passed through a Corning 7-59 filter. Sample
current was generated by a constant-voltage supply
and detected with an electrometer and alogarithmic
amplifier and recorded continuously on semilog
paper against thermocouple voltage. The applied
field was typically 1 V/cm. The high-tempera-
ture sample holder permitted operation between
300 and 1600°K with a gas ambient. A small
heater permitted a temperature gradient to be es-
tablished along the sample for measurement of the
sign of the thermoelectric effect. Sample current
was maintained at sufficiently low levels that the
accumulation of vacancies at the cathode and oxy-
gen ions at the anode was minimized.

In the analysis of the results to follow, the loca-
tion of the Fermi level is assumed to be given to
a good approximation by the slope of the curves of
log conductivity versus reciprocal temperature,
This assumption ignores the possible temperature
dependence of carrier mobility. However, for our
purposes this is a reasonable assumption since the
effect of mobility is important only at the lowest
temperature of our measurement where our proba-
ble error is an over estimate of the energy of the
Fermi level by about 10%.

IV. THERMALLY STIMULATED CURRENT RESULTS

We saw in Sec. II that the centers AL**VTi*",
Fe**VTi**, and Ti*'VTi! are expected to act as
electron traps which empty between 77 and 300 °K.
Also, the center, A1**0%, is expected to act as a
hole trap which empties in the same temperature
range. It was found, in fact, that in some of the
crystals, the concentrations of electron and hole
traps were comparable and, consequently, that the
thermally-stimulated-conductivity TSC peaks from
these two sets of traps overlapped. It was fortu-
nate that in crystal Bl the electron traps predomi-
nated as did the hole traps in crystal B3 so that
they could be studied separately.

A plot of TSC from a Bl sample is shown in
Fig. 2. In this experiment, the current was due
predominately to electrons and peaked at 92 °K.
The series of straight lines in Fig. 2 were pro-
duced by a repeat of the TSC experiment but with
successive warming and cooling cycles which emp-
tied the band of trap states a few kT per cycle, ¥
This result indicates a spread in electron trap
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energy of ~ 0.3 eV beginning somewhat below 0. 08
eV and peaking at ~0. 085 eV below the conduction
band. This was the major band of electron traps
found between 77 and 300°K, so it seems reason-
able to associate it with the A1**VTi** type of cen-
ter.

A plot of TSC from a B3 sample is shown in Fig.
3. In this experiment the hole current predomi-
nated in two temperature regions and peaked at 148
and 480°K. These peaks correspond to a band of
traps centered at 0. 18 eV and another at 0.75 eV
above the valence band. It seems reasonable to
associate these traps with the centers AP’O" and
Fes’, respectively, since the former has been seen
to decay above 100 °K and the latter is reported as
being stable at 300 °K. Between 200 and 300°K in
Fig. 3, the current was due predominately to elec-
trons from a trap 0.3 - 0.4 eV below the conduc-
tion band. We have often seen a small TSC peak
at 250 °K in other crystals but have been unable to
identify it with a specific impurity. The background
current due to bulk conductivity is shown at the far
left of Fig. 3. It has a slope of 1.10 eV, is #n type,
and is believed due to oxygen-ion vacancies.

V. ELECTRICAL-CONDUCTIVITY RESULTS

The dark electrical conductivity of an as-grown
B2 sample is shown in Fig. 4. Three regions of
transport can be distinguished. Below 450°K, the
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FIG. 2. Thermally stimulated conductivity vs recipro-
cal absolute temperature for an as-grown sample from
crystal Bl,
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conductivity is p type with a slope of ~0.5 eV,
From its behavior, it is clear that the conductivity
in this temperature region is due to trapped holes
which are being thermally liberated since the con-
ductivity is less on cooling than on initial warming.
The trap becomes partially occupied in the dark at
room temperature and empties at ~380°K. An
indication of its presence at 0. 50 eV is seen in
Fig. 3. Between 450 and 650 °K, the sample in
Fig. 4 shows n-type conductivity with a slope of
1.10 eV. Experiments to be described in another
paper together with the work on vacancy transport®
allow us to identify this region as being due to
oxygen-ion vacancy transport. Above 650 °K, con-
ductivity again becomes p type. It also shows a
tendency to saturate and hysteresis which depends
upon the heating and cooling rates of the measure-
ment. Thus, vacancy transport gives way to hole
transport at high temperature and the hole trans-
port appears to be due to an acceptor complex
whose concentration is temperature-time depen-
dent. The results in Fig. 4 were obtained in an
atmosphere of nitrogen and were quite reproducible
in this atmosphere provided sample temperature
remained below ~1100°K. In oxygen atmosphere,
the sample oxidized at temperatures as low as
900 °K and vacancy transport was sufficiently
suppressed that conductivity became p type over
the entire temperature range. Although the hys-
teresis region persisted in the oxidized samples,
below this region the temperature dependence of
conductivity appeared to provide a reliable indica-
tion of the location of the Fermi level.
Conductivity is shown in Fig. 5 for a set of
samples which were doped to move the Fermi
level and oxidized to suppress vacancy transport.
All of the samples were p type. The slopes of
these curves show that the Fermi level was moved

down to 0. 68 eV above the valence band by doping
with the acceptor, aluminum and raised to 1.35

eV above the valence band by doping with the donor,
vandium. Following the discussion in Sec. II, we
expect the Fermi level in an undoped crystal and in
an iron-doped crystal to lie on the Fe** level when
the crystal is oxidized. From the slopes of the
conductivity curves in Fig. 5 for undoped and iron-
doped samples, we infer that the Fe** level lies
~1.0 eV above the valence band. We also saw in
Sec. II that the addition of aluminum converted

the background impurity iron to Fe®*. For this
reason, we expected the conductivity curve for the
aluminum-doped sample to confirm the assignment
made in Sec. IV of 0.75 eV for the Fe®* level. We
find that the Fermi level in the aluminum-doped
sample lies at 0.68 eV, or somewhat below the
expected energy. However, the result for the alu-
minum-doped sample confirms that a high concen-
tration of acceptor levels, probably due in part to
Fe¥', exists in the vicinity of 0.7 eV above the va-
lence band. Conductivity for the vanadium-doped
sample shown in Fig. 5 shows the Fermi level to
be 1.35 eV above the valence band. At present,
the only candidate for this level is Fe** V as shown
in Fig. 1.

Following the discussion in Sec. II, we expect
that Fe®* will be produced from background im-
purity iron by a quick quench from an elevated tem-
perature. The conductivity curves in Fig. 6 show
the results of this experiment. Curve (a) in Fig. 6
shows the typical behavior on heating and cooling
for the conductivity of an oxidized undoped sample
from B3. The 0.5-€V hole trap is in evidence,
emptying ~ 380 °’K. The Fermi level lies on the
1.0-eV Fe* level up to ~ 550 °K and above this
temperature we see the hysteresis region. When
this sample was quenched in a few seconds from
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FIG. 4. Electrical conductivity vs reciprocal absolute
temperature for an as-grown sample from crystal B2.

950 °K to room temperature in oxygen, the con-
ductivity shown by curve (b) in Fig. 6 resulted.
After the quench, the warming curve shows en-
hanced conductivity which has a slope of 0. 72 eV.
The conductivity peaks at 630 °K and then drops

to what appears to be the 1. 35-eV level seen be-
fore in Fig. 5. The conductivity then rejoins the
original curve (a) and follows it down on cooling.
The entire process was found to be reproducible.
The 0.72-eV slope is consistent with the observa-
tion that the quench treatment produces Fe®* and
our identification of this level with the 0.75-eV hole
trap. However, the conductivity peak temperature
of 630 °K is not consistent with the observation in
Fig. 3 that this hole trap emptied at 480°K. Rath-
er, the result in Fig. 6 suggests that the Fe®* in
the quench experiment acts as an acceptor level
produced when electrons are removed from Fe'*
and trapped in a deep electron trap. The conduc-
tivity then decreases abruptly when the electron
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trap empties at 630 °K. The thermal quench was
found to have produced no essential change in con-
ductivity of the iron-doped sample in agreement
with the results quoted in Sec. II.

VI. DISCUSSION

Our measurements have detected a number of
energy levels in the band gap of commercial SrTiO;
which appear to be due to the presence of aluminum
and iron. These levels have been identified with
specific centers in a way that is consistent with the
findings of electron-spin resonance and optical
spectroscopy. More positive identification would
require considerable additional work. A band of
electron traps ~ 0. 3-eV wide has been found which
has its highest density ~0.09-eV below the conduc-
tion band. We have identified these levels as com-
ing from the donor centers A1*VTi*, Fe*VTi*, and
Ti**VTi**. A band of hole traps identified with the
acceptor AI**O™ has been found centered ~ 0.18 eV
above the valence band. Two deeper acceptor levels
have been found which appear to be due to different
valence states of iron: Fe’* at 0.75 eV and Fe** at
1.06 eV above the valence band. The other energy
levels associated with iron and shown in Fig. 1
cannot be identified with as much confidence. If
Fe*'V is sufficiently stable against dissociation
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FIG. 5. Electrical conductivity vs reciprocal absolute

temperature for oxidized samples from crystal B3 (un-
doped), B4 (aluminum doped), B5 (iron doped), and B6
{vanadium and aluminum doped).
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into Fe®* and free vacancy then it is a candidate

for the 1.35-eV level and, consequently, for par-
ticipation in the coupled equilibria described below.
The level associated with Fe’* is probably in the
region of the upper -half of the band gap which we
have not explored. Several other energy levels,
much less prominant than those described above,
have been detected in numerous experiments.
Chromium is an impurity in commercial SrTiO,

in sufficient amounts to have been detected. Chro-
mium might be expected to introduce a set of levels
analogous to those of iron but displaced to higher
energies. The 0.5-eV hole trap which we have
seen repeatedly may be due to Cr®*. We have also
seen the Fermi level pinned between 0. 65 and 0. 70
eV in many experiments designed to expose the
0.75-eV level of Fe**: for example, the aluminum-
doped experiment in Fig. 5. Our findings suggest
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that a high density of levels exist in the vicinity of
0.65 eV. These may be due to Cr®*,

The hysteresis effects which have been observed
repeatedly in the conductivity between 600 and
1000 °K suggest a diffusion-limited process. A
possible model for the process is provided by the
following set of coupled equilibria:

Fet*
b
Fe¥'V — Fe**+ VvV
! +
Fe®'v h
+
h

Coupled equilibria of this kind appear to be likely
in SrTiOg because iron exists in several valence.
states and associates with vacancies. The hori-
zontal reaction represents the bound-free vacancy
equilibrium involving iron. Vacancies will also
be supplied to this equilibrium by the similar equi-
librium which involves aluminum. The vertical
reaction on the right shows the transfer of an elec-
tron from the valence band into the Fe** acceptor
level to create Fe®* and a hole. The other vertical
reaction represents the transfer of an electron
from the valence band into the Fe®'V acceptor level
to create Fe**V and a hole. Since the binding energy
for the vacancy complex increases in the sequence
Fe''V, Fe*'V, Fe?'V, we may expect that the trans-
fer of electrons into the acceptor levels with in-
creasing temperature will move the equilibria to
the left and increase the concentration of the Fe?'V
acceptor. Qualitatively, this model can account
for the transition with increasing temperature from
vacancy transport to hole transport seen in Fig. 4.
It also accounts for a hysteresis loop in which con-
ductivity is higher on cooling than on warming.
Also, as predicted, the absence of Fe!* together
with a higher concentration of vacancies in the un-
oxidized sample, Fig. 4, produces a steeper con-
ductivity slope in the hysteresis region than found
in the oxidized sample curve (a), Fig. 6. If the
model is correct, one would expect it to play an
important role in the quench experiment. When
the sample is equilibrated at elevated temperature,
a large concentration of Fe?*V and of holes in the
valence band must be built up which are quenched
in when the sample is rapidly cooled. The model
does not explain how the Fe®* ions which probably
exist under these conditions, trap two holes to
become Fe®* ions.
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