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ABSTRACT

Electrical conductivity and related defect
structures in reduced rutile

Tae I1 Oh, Ph.D.
Oregon Graduate Center, 1985

Supervising Professor: Nicholas G. Eror

Stoichiometric Tioz, rutile is an insulator at room
temperature, while reduced nonstoichiometric rutile is
semiconductive. The electrical properties of nonstoichio-
metric rutile depend on 1its defect structure. Reduced
rutile is characterized as two groups; a homclogous series
of phases of TinOZn—l and nonstoichiometric TiOz_x.

In the homologous series of‘phases, defective crystal-
lographic shear planes(CS planes) are so regular in the
rutile structure that a superlattice structure is generated.
Before the homologous phases are produced, the state
of the vreduced crystal is that of the point defect or
irregular extended defect state which 1is expressed as
Tioz_x(x<<1).

The electrical conductivity measurements of undoped
and doped rutile at thermodynamic equilibrium with controlled
oxygen activities have been conducted and interpreted
in terms of corresponding defects within Tioz_x.

In very 1low oxygen activity, an anomalous dependence

Xi



of corductivity 1is observed. The conventional point
defect model cannot explain this behavior.

A new reaction model 1is derived to interpret the
observed results and microstructure analysis under T.E.M.
supports the modified model for its application to the

phenomenological results at very low oxygen activities.

X113



1.INTRODUCTION

Properties of materials such as mechanical, thermal,
and electrical, are related to the internal structure
which always tends to be imperfect for temperature above
absolute zero. These imperfections in crystals change
the characteristics of these properties.

The types of imperfections are classified as point
and extended defects. Point defects include atomic disorder
such as vacant lattice sites, interstitials, antistructure,
foreign atoms, and electronic disorder. Extended defects
are defect clusters such as line defects(dislocations)
and planar defects.

The control of defect concentrations in crystals
is of prime importance in determining their properties.
This has been explored by a statistical thermcdynamic
approach. (1)

In an elemental crystal, possible defects are vacant
lattice site, interstitials including their ionized states
and electronic defects. When a foreign atom is contained
in a crystal, it occupies the lattice substitutionally
or resides at an interstitial site. The solubility of
a foreign atom depends on the influence between the foreign
atom and native defects through association (e‘g.(vam))

and electrical neutrality condition; i.e.in general



imperfections with charges of opposite sign increase

their respective solubilities while imperfections with
charges of the same sign decrease their respective solubi-
lities.

For a pure compound, the atomic imperfections are
distinguished as Frenkel, Schottky-Wagner and antistructure
disorder. Associations consisting of a pair of two compen-
sating imperfections are also possible.

Atomic disorder can lead to an excess or deficit
of one of the components resulting in a nonstoichiometric
compound. The ratio of cation/anion can be controlled
by equilibration under the controlled atmosphere of one
constituent of the compound. Another way of controliing
the cation/anion ratio is to dope aliovalent atoms into
a crystal. The occupation of foreign atoms on particular
lattice sites depends on electronegativity and size factors.
(1)

With the increase of defect concentration the lattice
potential energy increases and the crystal becomes unstable.
As a result a new composition or crystal structure is
generated. Therefore, there is a limited extent of solubility
of native defects or foreign atoms in a crystal.

The defect structure model is derived from experimental

data such as electrical property measurement,(2-9) thermo-



gravimetry, (10-14) diffusion coefficient measurement,(15,16)
optical(l7) and ESR techniques.{(18-20) One of the interesting
defect structures is that of a crystallographic shear

plane (CS plane) for extended defects which are commonly
observed in nonstoichiometric transition metal oxides. (21)
One of the most intensively studied phase showing this

class of disorder is TiOZ_x, where there is still disagreement
as to defect specie with and without the CS plane extended
defect, as well as how the electrical behavior is related

to the defect model. This study investigated the defect
structures of reduced rutile for both undoped and doped
conditions at high temperature and correlated the observed
conductivity behavior with the proper defect reaction

model.



2.REVIEW OF RELATED WORK

Deviations from the stoichiometric composition in
transition metal oxides and oxide compounds have been
determined by electrochemical cells, thermogravimetric
analysis, or electrical conductivity measurement. Most
investigations have been carried out by thermogravimetric

and electrical conductivity measurements.

2-1.Electrical conductivity measurement.

Metal excess rutile in a reducing atmosphere can
be described by the generation of oxygen vacancies or
titanium interstitials which may be ionized in several
states. Possible types of defect structures can be derived
from the dependence of electrical conductivity in various
ranges of anion activity. But this dependence does not
necessarily indicate unique type of defect structure
because different types of defect may give the same or
similar slopes of conductivity dependence. Despite this
ambiguity, the electrical conductivity measurement is
a common way for determining the defect structure in

a high temperature environment.



Blumenthal et al(4) measured conductivity of single crystals
over the temperature range of 1000°C— 1500°C and oxygen
pressures of 1- 10_15 atmospheres. In this experimental
range, the nonstoichiometric rutile is classified as

a metal excess, n-type semiconductor. The qualitative
observations were that at high temperature the slope

of log conductivity vs log P was close to -1/5 throughout

o)
the experimental pressure ran;; at high temperature,
and close to -1/5.6 with lowering temperature at high
oxygen partial pressures, but close to -1/4 at low oxygen
pressures. Based on this result they concluded that the
dominant lattice defects were tri- and tetravalent titanium
interstitials and donor impurities.

Marucco et al(l0) investigated the reduction of
‘I‘iO2 at 800°C - 1100°C by means of thermogavimetric and
electrical conductivity measurements. They observed
three different slopes of dependence, -1/5 at high temperature
and low pressure, -1/6 at low temperature and low pressure,and
-1/4 at low temperature and high pressure. The predominant
defects were analysed as tetravalent titanium interstitials
for the -1/5 dependence, divalent oxygen vacancies for
the -1/6 dependence, and monovalent oxygen vacancies
for the -1/4 dependence. They insisted that singly ionized

native oxygen vacancies rather than acceptor impurities



for the -1/4 dependence were dominant defects because

two samples from different sources showed the same result.
But generally, impurity effects at high pressure and

low temperature can hardly be neglected. Assuming the
acceptor impurity effect, doubly ionized oxygen vacancies
lead to the -1/4 slope. They noticed that the mobility
of electrons is independent of the concentration and
nature of the defect at a fixed temperature.

Baumard et al(22) studied the Ti-0 system between Ti_.O

375

and TiO2 by electrical conductivity measurements as a
function of oxygen partial pressure at high temperatures.

The experimental range of observation extended beyond

the region observed by other investigators mentioned
previously. Further reduction beyond the -1/5 slope

region, where defects were attributed to tetravalent

titanium interstitials, showed an abrupt increase in
conductivity. They attributed this behavior to the occurrence
of extended defects of crystallographic shear planes.

It has been known that in some transition metal oxides

such as Ti, Nb, and W, considerable deviation from stoichi-
ometry creates some degree of CS planes to accomodate
vacancies or interstitials. (21)

Doping with aliovalent cations changes the physical

properties of materials. Cr-doped rutile showed that



the conductivity dependence shifted toward lower pressure
compared to that of undoped samples. Therefore,the increase
of acceptor dopant concentration moves the p-n transition
region to lower pressures. Ta-doped rutile showed -1/5,

0, and -1/4 slopes respectively from lower to higher

oxygen pressures. The predominant defects for each region
were analysed as titanium interstitials, excess electrons,

and metal vacancies based on a point defect model.(3,6,23)

2-2. Thermogravimetric measurement.

The variation of oxygen content in rutile egquilibrated
with temperature and oxygen pressure has been studied
by weight change measurements. From the relation between
the change of oxygen content and electrical neutrality
conditions, it is possible to obtain the equilibrium
defect structure.

Fprland observed that the weight loss was proportional

to P02_1/6 at temperatures above 1100°C and 1077 5p

0
-16 2
a

>10 tm. The defects in the range were concluded to

be doubly ionized oxygen vacancies. (24)
Rosa et al(25) observed the weight change of TiOZ_X

in the reducing atmosphere of CO/CO2 mixtures where



-12

10 >P 18

10" ~° bar at 1273°K, was proportional to

02
-1/4.81
Py,

and tetravalent titanium interstitials. They also investi-

and suggested that defects consisted of tri-

gated the solid solution of TiO2 with 0.1-~3 mole % of

Nb205 at 1273°K.(13) The sample containing less than

1 mole % Nb_.O_ was concluded to consist of titanium inters~

275
titials for 10‘18@02(10‘12 bar.
Merritt et al and Bursill et al(ll) studied the thermodynamics
of the Ti-0 system from Ti305 to TiO2 at 1304°K. Even
in the very slightly reduced rutile, TiOx with x>1.98,
they found extended defect CS planes. There is still
no agreement on the extent of nonstoichiometry with the

presence of point defects.
2-3. Structure of nonstoichiometric rutile.

The Ti-O0 binary system of the phase diagram is shown
in Fig.l. Between stoichiometric rutile and monoclinic
TiBOS' both a wide range of a homologous series of oxides

with the composition Tino 1 and a narrow range of slight

Zn~-
deviation from stoichiometry where the deviation is accom-
modated by point defects or their associations exist.

The interesting range in this investigation is the transition

from the point defect to the homologous series region.
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(1). BStructure of stoichiometric rutile.

The highest oxide, TiO has polymorphic phases

o
of rutile,anatase, brookite, and alpa—PbO2 type structure.
At one atmosphere rutile is the most stable phase and

will only be considered further. Its structure consists

of rectilinear ribbons of edge-shared Tioe—octahedra
joined by corner-sharing to similar ribbons so that the
orientations of adjacent ribbons differ by 90 degrees.

The unit cell is tetragonal (Fig.2). Projection along

the b axis suggests that the oxygen arrangement is approx-
imately h.c.p.(Fig.3a). The oxygen layers are slightly
puckered by projection along the ¢ axis, but a small
topological distortion generates an idealized h.c.p.anion
arrangement. The titanium atoms f£ill alternate rows

of octahedral interstices parallel to ¢ axis. An idealized

(010) layer is shown in Fig.3a.

(2). Structure of reduced rutile.

In reduced rutile there are three characterized
regions,i.e.the regions of dominant point defects, random

CS planes with point defects, and the homologous TinOZn-l'
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Fig.3.

Projection of atom arrangement

in idealized structure of rutile.

Projection along b axis(a), and
¢ axis(b).

11
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Most of the experimental results by electrical conductivity
and thermogravimetric measurement have been interpreted
based on the point defect model. But the structure study

in the electron microscopy by Bursill and Hyde(27) has
shown that even for very small departures from stoichi-
ometry the planar(132) planes were observed. The nominal
composition of the reduced sample at 1270°K was Tiol.9986‘
-15 a

=10
0,

which has been interpreted as within the point defect

This corresponds to the equilibration at P tn

region. The extent of the point defect range is not

clear at this point. With the increase of the concentration

of point defects, the interaction between them produces

extended defect aggregation. As a result many transition

metal oxides develop CS planes in the reduction process. (26)
The model of generation of CS planes is described

by Bursill and Hyde.(27) The schemetic illustration

of the generation of defect planes is presented in Fig.4,

depicting a hypothetical structure containing corner-shared

MO6 octahedra. By reduction, the oxygen vacancies created

are aligned as in Fig.4a. For the next step, the lower

half of the crystal is sheared in the direction marked

relative to the top half of the crystal. This results

in the elimination of oxygen vacancies and restoration

of the coherence of the oxygen lattice as in Fig.4b.



{a).

Aligned vacancies{ X ) in cross section (b). After shear, oxyqen sites are recovered
of hypothetical structure, as original with vacancy elimination.

Intersection point of mesh-oxygen atom,

@metal atom. Shear direction is indi-
cated with arrow.

Fig.4. Schematic diagram of generation of crystaliographic
shear plane{CS plane)

el
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But the metal sub-lattice is changed at the restoration
boundary. The corner sharing between M06 octahedra is
replaced by edge-sharing. In real systems, shear plane
structures are more complex. However,shear plane formation
eliminates point defects by a change in the mode of linking
of the M06 octahedra.

Basically the final state of this procedure should thermo-
dvynamically lead to a more stable state than a randonm
distribution of point defects in the crystal. The theoretical
model calculation by Catlow and James showed that the
felaxation of cations at the fault plane stabilizes the
extended defects. (44) By edge-sharing of H06 octahedra,
the coordination number of the cation remains the same

but that of the anions increases and the net composition
results in a metal excess. The shear vector to eliminate
oxygen vacancies is called the displacement vector which
should be non-parallel to the defect plane to produce

a non-conservative anti-phase boundary (APB).(28)

The displacement vector in undoped rutile is l/2£011]r
lying in (100).(27) In the case of the elimination of
metal interstitials point defect, the results are similar.
Fig.4b shows that the regions both above and below the
defect plane are the same as the original structure except

for the anti-phase of metal atoms when crossing the fault
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plane. When this fault planes exist in regular patterns
with the same orientation, a supperlattice structure

can be generated in the crystal. This is the arrangement
of the atomic planes in the homologous series structure.

The homologous series structure, TinO -1’ was discovered

2
as three groups, one with 4<n<9 and (121) CS planes,(29,30)
another with 16(n<¢(36 and (132) CS planes,(31,32) and

an intermediate range where the CS planes rotate continuously
from (132) to (121).(32)

For the generation of CS planes, the first step is the
formation of an initial point defect aggregate. Therefore,
there is an equilibrium where a certain ratio of CS planes
and point defect is stabilized. Beyond the region of
dominant point defects, there is a region of CS planes

as dominant defect.

The isolated fault planes beyond the point defect region

is mainly considered in this work. This structure is

quite possible thermodynamically when we consider high

concentration of point defects are developed into extended

defects such as randomly spaced isolated faults.
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3.THEORY

The concentrations of defects are not independent
but related to each other. The nature of the interrelations

among defects is studied through statistical thermodynamics.

3-1. Point defects in pure rutile.

Above the temperature of absolute zero defects are
thermodynamically favorable. For pure compounds, possible
defects include electronic, Frenkel, and Schottky-Wagner
disorder. Electronic disorder and concentrations are

described by the equiliblium equation
== e +h Ki = [n3[pl------ (1)

Kroger-~Vink notation is used and no interaction between
defects is assumed.
Schottky-Wagner disorders and their ionized species are

described as

~ 2
= -
g = V.. + ZVO KS [VTi]EVO] (2)

V.. = v® +an ;‘—[—M— —————— (3)
' ' v [VTi]
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. [Volin]
= ! oef e e ——

[volln]

- o~ .a , —rvodt - .
Vou<r— VO + e 5 = [Vd] (%)

In equation(2), the cation/anion site ratio must be consistant

with that of TiOZ. The lattice defects are controlled
by oxygen partial pressure at equilibrium through the

reaction

o~ 1/2_
OO~<—— VO + 1/2 02 (g) Ko =3 EVDJP02 (6)
For Frenkel disorder, the reaction is
- > - Py s AT T e e o
o o
- T , A1t

The titanium interstitial is related to the oxygen pressure

by the reaction
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. s . o
Ti0, = TlI + 0,(9) K4 =-'ET11]PO2 (9)
By reduction metal excess is achieved in two ways, i.e.
‘I‘iO2 —;>-TiTi + ZVO + Oz(g) ----- (10)
or
i — T T O e & T
T102 TlI + Oz(g) (11)

There can be several ionized states of titanium interstitials
and vacancies. For oxygen vacancies singly and doubly
ionized states are counted according to equations (4)

and (5). Their relative concentrations at eguilibrium
depend on the position of the Fermi energy which depends

on the partial pressure of oxygen.

For electrical neutrality, all positive charges are compen-

sated by the sum of the negative charges,

C!’ _ . i .6. e
Cn3J +¢!EVTi ] =Cpl + [Vo] + ZEVOJ + B[TlI] (12)

(1<, B<4)

If the Schottky-Wagner type of disorder is more favorable

in the vicinity of stoichiometry(KS>KF,Ki), tetravalent
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metal vacancies and divalent oxygen vacancies are predominant
for the neutrality condition of equation (12) and are
approximately constant in concentration. All other defects
are negligible because of relatively small concentration.

Therefore equation (12) is approximated as

41

4[VTi

Const.

1l

1= 2CV ]
(@]

With this limiting condition, the results of the pressure
dependence of the other defects are listed in Table 1.

Decreasing P, increases positively charged atomic defects

0]
2
which are compensated electronically. This corresponds
to the shift of the Fermi level toward the conduction

band. Meanwhile, the concentration of metal wvacancies

decrease. The neutrality condition for the next decreasing

Po2 region is approximated as
Cnd = 2CV 3
o]

For lower oxygen partial pressure, the Fermi level becomes
closer to the conduction band which leads to a higher
probability of electron occupation on oxygen vacancies

as well as an increase in vacancy concentration. This

leads to new approximation of the neutrality condition,



. .- q: . !
[n]= [¥o] [n]= 2[¥a] vy) = 20ve) 4fV111 = el
34 5, 2
KoK, K. K ¥ Xo
172 -174 173 -1/6 1% e g, K 175  -1/5
n (KOK]) P (2K0KIK2} PO { — ) Py { _fIW) Po
P 2 5y ¢ 5y 2
g3 20k &7 ax K
A ¢ 2 (o 1/3, 176 RO IV VER EPEAVIN VLS VT
i 1/2 170 | ' PRoKSK, 0 3 0 A 0
( EEET‘ ) PUZ 12 2 Ko™K K, ? %o ?
? 5 5
v (ox 112 <179 Kb, NVERRVE (ZKsKvKgfl_)l/sp -174 IQngleKv 1755 <3110
' 0, 2Ky 9, Kiﬁkz 0, K, 2,
KoK, K 2k ¥ ¥ 2 K, K 1/5
. ) (% s, e AW RNV 5520 skox kY B
4] P 4 (J2 Kia Yf Y] 02
2 2,2 2, 2
A KKk KsKv(fflﬁg_)zxzp 73| ST )1/3 L KK, RICRVE
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Table 1. Pressure dependence of defect concentration in pure rutile for
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Cnl = [V 2]
o]

The concentration profile of defect species with corresponding
neutrality condition is shown in Fig.5.
When Frenkel defects are dominant near stoichiometry,
the prevailing defects for each neutrality condition
are different. The concentration profiles for this case
is given in Table 2 and Fig.6.
For the last case, electronic disorder may prevail over
lattice defects near stoichiometry. These conditions
are presented in Table 3,4, and Fig.7 and 8.
The electrical conductivity is related to the concen-

tration of charge carrier as

0 =% u(z9pcciy  —===-- (13)

where Ci is carrier concentration, ujmobility and Zi
valency of carrier 1i.

The mobility of the charge carrier is a function of temper-
ature. Ionic mobilty is several orders less than that

of electrons and electron holes. Therefore, electrical
conductivity generally depends on the concentrations

of electrons and electron holes except where ionic conduc-

tivity is dominant. The concentration of charge carriers
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depends on oxygen partial pressure in a particular way
for a given neutrality condition. From this dependence,
the type of the main charge carrier can be determined

by conductivity measurements.

3-2. Defects in a crystal containing foreign atoms.

All crystals contain foreign atoms as impurities.

The site of occupation of foreign atoms depends on factors
such as size, valency, and electronegativity.
Foreign atoms tend to occupy the position of ions to
which it is closest on the electronegativity scale.
If the difference in electronegativity is small, size
factor dominates the consideration of occupation site.
Small foreign atoms can also occupy interstitial sites.
Addition of ions on interstitial sites or substitutional
occupation by ions of different valency requires associated
charge balance to maintain electrical neutrality of the
crystal. This can be accomplished by vacancy formation
or changes in electronic disorder.

Let us consider acceptor doping, H203 incorporation

with Schottky-Wagner defects. Assuming substitutional

occupation of M3+
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Ti07 , -
M203 — ZMTi + 300 + Vo (14)

at low oxygen partial pressure and

M,0, + 1/2 02 —— M 5 + 2h + 40O —————— (15)
at high oxygen partial pressure.
The total doping level is fixed and the concentrations

of neutral and ionized dopant are related ;

L4 [ 'I][ ]
— ’ ~ Il

[MTijtotal = CMTi] + EM’Ti] = Const. ------ (17)

The electrical neutrality condition becomes

4

Cnl + 4EVT

7+ M. = [pl + [V'T + 2IV.Y ——-mm- (18)
A 1 (@] (@]

T
At extreme regions of both low and high'partial pressure,
the intrinsic disorders prevail and the Fermi level 1is
close to the conduction and valence bands respectively.

For intermediate regions of pressure, the approximate
electrical neutrality conditions and concentration profiles

are given in Table 5. and Fig.9. We should bear in mind
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that all regions are possible but in practical experiments
some ranges are too narrow to be observed or may not

even occur.

At high oxygen partial pressure, acceptors produce electron
holes when they occupy lattice sites as in equation (15).
As a result, the n-p transition region is shifted to

lower oxygen partial pressures with increasing acceptor
dopant concentration.

For acceptor dopants associated with Frenkel disorder,

the reaction at low P02 is
, Ti0y , yE
2M203 + TlTi ~—7 4M oy * T1I + 60O ------ (19)
The total electrical neutrality condition is
tnd + 4CV2A 1 + M .3 = Cpl + 4CTit3 20)
n Ti il = tpd + 4lTig (

At high oxygen partial pressures, acceptors are compensated
electronically according to quation (15). The concentration
profile and its dependence on oxygen partial pressure
with proper neutrality conditions are in Table 6 and
Fig.10.

When higher valence foreign atoms (donor,Mzos) are

added substitutionally into rutile, the energy center
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of this defect is close to the conduction band. For
Schottky-WHager disorder compensating the donor at high

oxygen partial pressure, the reaction is as

Ti0?2
2M205 — 4MTi + VTi + 10 OO ---=(21)

At low oxygen partial pressure

Ti0o , L
M205 — 7 ZMTi + 2e’ + 400 +1/2 Oz(g) (22)

The neutrality condition is

Al _ . . e o
Cnl + 4EVT13 = [pl + [MTiJ + [VO] + ZEVOJ (23)

For donor ionization

v " ' ~ [M‘I[]
Mp, == M. + e K, = [J—T]I]n memm——(24)

CMTi] + [MT13 = [MTi]total = Const.----- (25)

If Frenkel disorder is more favorable for the donor compen-

sation, the neutrality condition is
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[nl + 4Ev,l:‘i’1 = [pl + My, ] + 4[Ti’1I'J ——==(25")
The dependence of defect concentration and corresponding
neutrality condition on oxygen partial pressure are given

in Table 7-8, and Fig. 11-12. It is assumed that the

donor center is closer to the conduction band than that

of the tetravalent titanium interstitial.

We have considered many possible cases of pure and doped
rutile in terms of the equilibrium defect structure.

Only through experimental observation can we determine

which are actually achieved.
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4 . OBJECTIVES

We have demonstrated that there are many possible
types of defects developed when a material is equilibrated
with a controlled oxygen activity. From the results
observed by several investigators, there is disagreement
on the type of equilibrium defect in a given region of
nonstoichiometry. This may be attributed to extrinsic
behavior caused by unknown impurities, nonhomogeneity,
or experimental error such as equilibrium not being reached.
For example, it takes nearly 120 hrs to reach equilibrium
at 1000°C at P 2=1o'9 atm.

In order to produce homogeneous specimens, a liquid mix
technique is employed for materials preparation in this
experiment. Further investigation of the effect of dopants
on the sudden increase in conductivity at very low oxygen
activities will be conducted. An equilibrium defect model
will be developed to explain this anomalous behavior

that is inconsistent with traditional point defects.

The materials investigated will be undoped and doped
polycrystalline rutile. Electrical conductivity measurements
together with microstructure analysis by T.E.M. will
be performed to determine the possibility of the coexistance
of extended and point defects as a function of equilibrium

oxygen activity.
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5.EXPERIMENTAL PROCEDURE

5-1. Sample preparation

All samples were prepared by the "Liguid Mix Tech-
nigque”.(33,34) The main advantage of this techniqgque
from other chemical preparation methods or conventional
mixed solid phase reaction is to obtain an amorphous
precursor (polymeric glass) homogeneously retaining all
the necessary metallic ions homogeneously before final
oxide formation.
A precursor of the mixed oxide can be obtained from solutions
containing all the regquired ions and organic polyfunctional
acid. The final oxide solid solution is produced by
pyrolysis of the precursor at 6000—700°C a relatively
low temperature compared to the required solid-solid
phase reaction temperatures.

The starting solution for TiO, was tetraisopropyl

2
titanate solution (Dupont Co. Tizor). Tantalum oxalate
solution was prepared from a known amount of tantalum
oxalate (Kawecki Beryl Co. Industries, Boyer town, Penn.)
dissolved in the ethylene glycol-citric acid solution.

Likewise chromium nitrate was dissolved in the same organic

mixed solution.
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The doping concentration of the solution was analysed
gravimetryically. Tetraisopropyl titanate solution and
ethylene glycol-citric acid solution containing the doping
cations were homogeneously mixed, then evaporated to

the rigid polymeric glassy state followed by calcination
at 700°C for 5 hrs. The calcined powders were pressed
into pellets at 30K psi and sintered at 1350°C for 12

hrs in air.

5-2 Gas preparation.

The gases employed to adjust the controlled atmosphere
were pure oxygen and analysed oxygen argon mixtures for
high oxygen partial pressure, and CO/CO2 gas mixtures
for low partial pressures. All the gases were purified
prior to mixing. Columns of ascarite, magnesium perchlorate
and drierite were used to absorb carbon dioxide and water
respectively.

The main impurities in cylinder carbon monoxide are moisture,
carbon dioxide and iron carbonyl. Purification from

iron carbonyl is difficult. Sometimes active iron from

iron carbonyl possibly deposits on the wall of the furnace

tube.

Carbon monoxide gas was passed through the columns of
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magnesium perchlorate, ascarite, magnesium perchlorate.
Carbon dioxide gas flowed through drierite, heated active
copper(450°C), and drierite columns. The oxygen and
oxygen-argon mixtures were passed through same sequence
of columns as carbon monoxide.

Low oxygen partial pressures were established by
obtaining the equilibrium state from a given gas mixture
calculated from known thermodynamic data. The corresponding
volume ratios of CO/CO2 gas mixtures for a certain oxygen
partial pressure at the experimental temperature can
be obtained from tabulation of thermodynamic data. (35)

The mixing ratios of gases were prepared by using conventional
manometric flow meters. The basic principle of the meter
is to maintain a constant pressure drop through the flow
meter by means of fixing the level of dibutyl phthalate

in the gas blow-off column by transferring the filuid

from the reservoir(Fig.13).

The flow rates of various capillaries were calibrated

as a function of pressure drop by measuring the rate

of rise of a soap bubble in a graduated glass tube of
uniform cross section.

After the gases had been metered, they were passed through
a mixing column of glass beads for uniform mixing before

entering furnace. The gas mixtures entered at the bottom
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of vertical reaction tube in which the test specimen

was equilibrated to the ambient and exited at the top

of the tube assembly.

The assembly consisted of a mullite tube to which were
sealed pyrex standard taper joints on both ends.(Fig.14).
The total gas flow rate was maintained at 0.8 cm/sec

to prevent thermal diffusion. (36)

5-3. Electrical conductivity measurement.

A standard four-probe d.c. technique was employed
for measurement. A rectangular sample was wrapped with
four platinum wires. The spacing of the two inner-most
wires,L, and sample cross-section area, A, were measured.
The ratio(A/L) was used for conductivity calculation.

A constant current was established by using a Keithley

225 current source and was supplied between the two outer
wires while the voltage was measured across the inner-most
wires, using a Keithley 191 digital nmultimeter.

The voltage measurement was made in both the forward
and reverse directions and the average value was used
for the calculation of conductivity. Ohmic contact to

the sample was determined by measurement of the proportion-
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atity of voltage with current increase for each sample.

The equilibrium state of the specimen was determined
at the point where conductivity did not change after
a specific length of time which depended on oxygen pressure

and temperature.
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6. EXPERIMENTAL RESULTS AND DISCUSSIONS.

6-1. Electrical conductivity of Cr-doped rutile.

The experimental data for Cr-doped rutile are shown
in Fig.15-17. Doping levels were from 500-5000ppm.
Pure rutile exhibits n-type semiconductor behavior in
reducing atmospheres and in the present work a n-p transition
at 900°C and 950°C(Fig.18) was observed in undoped rutile.
For Cr-doping, a n-p transition is also observed for
all doping levels, as expected, up to 1050°C. This is
in agreement with the results reported for Al-doped rutile.
(37) The experimental range of oxygen partial pressure

is from 1 atmosphere to 1071°

atm. (at low temperature).

With decreasing oxygen pressure, the conductivity shows

two slopes of pressure dependence-approximately -1/5

at low pressure and -1/4 at medium pressure. Based on

a point defect model with acceptor dopant(Tab.5-6), assuming
the substitutional occupation of acceptor as shown in

the ESR result(38), the slope of -1/5 at very low pressure
is consistant with tetravalent titanium interstitials
compensated by conductive electrons.

For the slope of -1/4, there are two possibilities-acceptors

compensated by either divalent oxygen vacancies or tetravalent
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titanium interstitials. For the slope of -1/5, combination

of equations (8) and (9) witho=4 leads to

'I‘iO2 — TiI + 4e’ + Oz(g) ————— (8")
_AGf .

= RT = i A Tn1' P, m—ea- n

K4 e ETlI]En] PO2 (9™)

When the electrical neutrality condition, En]54[Ti§3,

predominates

AG¢

1/5P e 5RT
0y

Cnl = (4)

The mobility of electrons is only a function of temperature
and M, o< exp(-AGm/RT), (39) where AGm is the activation
energy for electron migration,

According to equation(1l3) with Z=1 for electrons

sAGm*tAGH

qP0;1/5 & 5RT . —oeee- (137)

0 oc(4)L/5

Substituting the sum of energy term of the exponent with
AG =AH - TAS and assuming that the variation of AS with
temperature is negligible compared to the enthalpy change,

equation(13’) is simplified to
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“1/5. SRT

0 x P e onrit. s -=--- (137)

07
AH is the arrhenius activation energy for conduction,which
is approximately equal to the sum of (SAGm+AHf).

By assuming that the electron mobility is proportional

to exp(0.1/kT),(39) the standard enthalpy of formation

of the reaction

TiO, —» Ti, + 4e’ + Oz(g)

2 I
can be calculated from the arrhenius plots (Fig.19-22)
and are tabulated in Table 9-11. The average activation
energy for conduction is 9.9 eV (228.3Kcal/mol).
In the medium range of oxygen partial pressure, with
. - - - R ) 1 ~
the electrical neutrality condition, ZEVO]—CMTi]_CMTi]tOt.

the reaction goes as equation(l4), that is

Croo. 292 a0 430 4yl

273 7 =Ty o o
With the combination of (4),(5),and (6), the law of mass
action leads to

1/2 2

KOK1K2 = l/ZEMTi]tot.P02 Cnl™  -~-~- (26)



POz(atrn.) AH{Kcal/mole) AHf(KcaUmole)
2l
10718 209.1 1976
10717 226.9 215.4
10718 226.9 215.4

Table 9. Arrhenius activation energies for conduction

of 500ppm Cr-doped rutile foromPO?/S

(4 Hes formation energy of corresponding reaction)

Poz(atm.) 4 R(Xcal/mole) AHf(KcaUmo1e) |
107" 229.9 218.4
10716 201.0 189.5
10717 213.9 202.4

Table 10. Arrhenius activation energies for conduction

-1/5

cf 1000ppm Cr-doped rutile for ¢ °=P02



P02(atm.) il H(Kfij/mo1e) A Hf(Kca1/mole)
1o 22,8 231.3
10713 242.8 231.3
10712 261.4 249.9

Table 11. Arrhenius activation energies for conduction

. -1/5
of 5000ppm Cr-doped rutile for 0<>¢P02 / .
POZ(atm.) AH(Kcal/mole) A Hf(Kca1/m01e)
10713 18.6 4.0
1072 115.7 111 1
T 109. 3 104.7

Table 12. Arrhenius activation energies for conduction

-1/4

of 500ppm Cr-doped rutile for 0(¥P02

(excess charqe compensated by Vé').
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POz(atm.) A H(Kcal/mole) A Hf(Kcal/mo1e)
10712 109.3 104.7
-3
10 102.9 98.3
10710 08.4 93.8
-4
10 98 .4 93.8

of 1000ppm Cr-doped rutile forowxPO2

Table 13. Arrhenius activation energies for conduction

-1/4

(excess charge compensated by Vg).

PO, (atm.) | A H(Kcal/mole) A Hf(Kca1/mo1e)
10710 106.8 102.2
-9
10 106.1 101.5
10'8 108.7 104.5

of 5000ppm Cr-doped rutile foracxPOZ

Table 14. Arrhenius activation energies for conduction

-1/4

(excess charge compensated by V; ).
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which means O'a'Poal/4.

The experimental activation energies from logovs 1/T
are shown in Table 12-14, and the average energy for

conduction is 4.5eV(103.4Kcal/mol).

If the neutrality condition is 4[Ti%]:EM££3~EMTi]tot.

the reaction corresponds to equation(1lS).

. ) .4‘ o _
2Cr203 + TlTi — tLCrT:.L + TlI + 60o (19-1)
With the combination of eguations (8) and (9), it is
obtained that

Ki K, = 1/4CCr..] fnl' P, -—---- (27)

I "4 Ti " tot. 05

From equation (27), the energy of 9.37eV (216.0 Kcal/mol)

is obtained (Table 15-17). This is close to that of
reaction (9°). From the calculation oxygen vacancies

are energetically more favorable than titanium interstitials.
With increasing temperature the region of -1/5 dependence
extends toward higher oxygen partial pressure.

Gautron et al(40) measured the electrical conductivity
of acceptor and donor-doped rutile equilibrated at high
temperature and quenched to room tenperature. The electrical
conductivity measurements were carried out at both room

and high temperatures. For samples equilibrated at lower



POZ(atm.) A H(Kcal/mole) A Hf(Kca1/mole)
10713 237 .3 228 1
1072 231.3 222 .1
107" 218.6 209.4

Table 15. Arrhenjus activation energies for conduction

of 500ppm Cr-doped rutile for ocxPO£1/4

(excess charge compensated by Ti? ).

POZ(atm.) A H{Kcal/mole) AHf(Kcal/mo’le)
10712 218.6 209.4
107" 206.0 196.8
10710 196.8 187.6
4
10 196.8 187 .6

Table 16. Arrhenius activation energies for conduction

for 1000ppm Cr-doped rutile fora’cf-PO?/4

(excess charge compensated by Ti?').



POZ(ath) A H(Kcal/mole) A Hf(Kca‘l/mo1e)
10710 213.6 204.4
-9
10 212.2 203.0
1078 217.4 208.2

Table 17. Arrhenius activation energies for conduction

of 5000ppm Cr-doped rutile fortfocPO2

(excess charge compensated by Ti? ).

~1/4

66



67

pressures, the conductivity at room temperature is parallel
to that reported at high temperature. This supports the
theory that the intrinsic defects generated by reduction
are dominant and the energy center of these defects is
close to the conduction band. Therefore, high conductivity
is maintained at room temperature. In the region of
-1/4 slope at high temperature, the conductivity falls
drastically at room temperature. This indicates that
acceptors as impurities are dominant and conductive electrons
at high temperature are trapped at the deeper levels
of the acceptors when quenched to room temperature.

For undoped Ti02, the conductivity dependence in
the low oxygen pressure range is -1/6 at low temperature
and becomes -~1/5 with increasing temperature(Fig.18).
Marucco et al(10) observed the same results. The dominant
defects are divalent oxygen vacancies at low temperature
and tetravalent titanium interstitials at high temperature.

The spectral response measurements on ceramic TiO., prepared

2
in a CO/CO2 reducing atmosphere at 1400°C showed an abnormal

-7 S

wave shift of response between P. =10 ' and 10 ~ atm

0.=

2
of equilibrium pressure. This is interpreted as a change
in the nature of the defect state from dominant oxygen

vacancies to titanium interstitials. (41)
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6-2.Electrical conductivity of Ta-doped rutile

The observed results for several doping levels are
given in Fig.23-25. The conductivity dependence is charac-
terized by three regions--a high pressure region where
the slope is about -1/4, a medium pressure region of
constant conductivity and a low pressure region in which
the conductivity increases anomalously with reduction.
Owing to the ESR results of Ta-doped rutile at low temper-
ature(42) it is assumed that the Ta atom substitutes
on normal titanium sites.

For the -1/4 slope of the high oxygen pressure region,
the reaction follows equation(21)

Tiop . 4
2Ta205-————17 4TaTi + vTi + 10 0O

and the excess charge of the donor is compensated by
tetravalent titanium vacancies. Nb doping exhibited

the same dependence in this region. (3)

The constant conductivity region is governed by reaction
(22)

TiGp . ,
‘I‘a205 — 2TaTi + 2e +4OO + 1/2 Oz(g)
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Fig.23. A plat of electrical conductivity

P02(atm.)

of Ta-doped rutile vs oxygen pressure,
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in which the excess charge of the donor is electronically
compensated.

For a fixed doping level, the magnitude of conductivity
does not vary with temperature within the experimental
error range. Therefore, the donor is already exhausted
at temperatures >1000°C. This also indicates the electron
mobility does not change with temperature.
According to Gautron et al, the conductivity of Nb-doped
rutile at room temperature suddenly falls from constant
conductivity with increasing oxygen partial pressure
because of the deep energy level of the acceptor, tetravalent
titanium vacancies. The same result is expected for Ta-doped
rutile quenched to room temperature.
The conductivities at various levels of doping in the
medium pressure region are shown in Fig.25. They show
that the conductivity is entirely controlled by the
doping level. TFor the ideal case of nondegeneracy in
weak doping, the carrier density by ionized dopants is
related to the doping level as

1/2

n, = 1/2[(1+4Nd/n1) - 11 -~--(A)CAppendix 17

For weak doping(Nd<<n ), the Fermi energy lies well below

1
the energy center of the dopant and nO:Nd. Therefore,
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from equation (13)

The conductivity is lineally proportional to the doping
level. The experimental relationship of log ¢ vs log

x of Ta ,Ti, 05,4/, 15 plotted in Fig.26. The overall
relation 1s expressed as 0 =Ax" with A¥2.24 and n=5/8.
Comparing the result with egquation (13’), there is a
contradiction in concentration dependence.

To correlate the observation with theory, the conductivity
dependence is divided into segments b,and c¢. The linear

b region is calculated for A=2.62 and nZl which is linear
between conductivity and concentration x. Segment c

shows rather higher conductivity which may be influenced
by uncounted impurities overcoming the dopant effect

or there may be poor control of the doping level. Above
segment b (x>0.04), the slope decreases (n=5/8). For
strong doping (Nd/nl>>l), no“’(Ndnl)l/z from equation

(A) and the slope of n, vs Nd decreases. The experimental
result implies that for higher doping levels of Ta than
x=0.04, the dopants are not exhausted and the conductivity
increases with temperature.

The constant conductivity region is followed by

the abrupt increase in conductivity with further reduction,



log g (2-¢m)

. F D

/
/
/
a b
c

| 1 i

-3 -2 -1
log x for TaxT]1—x02+(1/2)x

Fig.26. Dependence of conductivity as a function of
doping levels in the medium range of oxygen
pressure.{1100°C & 1150°C)
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without an intrinsic -1/5 or -1/6 dependence between

them. Beyond the transition region following the constant
conductivity region, the slope of conductivity is between
-1/1.0 and -1/1.4.

But at higher temperatures (1200°C, 1000ppm Ta in Fig.25),
there is an intrinsic dependence region between the constant
and abruptly increasing region. The intrinsic dependence

13

is close to -1/6 for 10 (P, « 10_10 atm. The undoped

0,

rutile also shows this abrupt increase of conductivity

at high temperatures()lOSOOC, Fig.27). The slope of

~1/5 is followed by a sudden increase to -1/0.5 which

is connected to a -1/2 slope region with reduction.

Baumard et al observed similar step-variations in their
experiments. (22) They attributed these anomalous behaviors
to the existance of random crystallographic shear planes
(132).

Generally for the -1/5 slope region, it has been
interpreted by other investigators that titanium interstitials
were the main defects (point defect model). But Baumard
et al have shown that in the case of (132) CS planes
as the main defect, the same slope can be obtained. (22)

Kroger discussed the effect of CS planes in the
manner in which point defects determine the physical

properties of shear structures such as conductivity,
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{
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Fig.27. A plot of electrical conductivity of undoped rutile vs
oXygen pressure at higher temperatures.
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diffusion, EPR, etc.(43) He concluded that the existance
of CS planes does not play a significant role when the
amount of the CS planes is small. Therefore, the P02
dependence of these properties are the same as expected
from a normal point defect model. Even with these conclu-
sions, the point defect model cannot explain such a large
slope of dependence as -1/0.5 to -1/2. A modified reaction
model, which considers extended defects as well as point
defects, can give an explanation for such an unexpected
phenomenon.

Two reactions are considered for a new model--CS planes
with oxygen vacancies or titanium interstitials as point

defects.
(1). CS planes with oxygen vacancies

Further reduction of the already reduced state where
only point defects exist causes interaction between CS
planes and oxygen vacancies. During reduction the Ta
dopant is assumed not to associate with CS planes which
is reasonable because metal ions in CS planes requires
lower valency.

The reaction is as follows,
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Ta Tiy) 0,  —=7u(Ti Oy 1) + Z/2 0,(q)

)

- 41
+ TayTl (Vo) 0 (V Z40(2n-1)

l-y-nu "Ti ' nu 2-x-u(2n-1)-2 "o
+ 2(Z-u)e’ ----(28)

Excess oxygen from the solid phase escape into the reducing

atmosphere, leaving oxygen vacancies behind in the crystal.
As a result, the lattice potential energy increases

and the crystal becowes unstable. Therefore (un) atoms

of titanium participate to generate (u) moles of CS structure

(TinOZn'l) leaving (un) atom moles of vacancies on Ti

sites. Hence a 1:2 ratio of titanium and oxygen vacancies

are eliminated from the rutile phase matrix through migration

to the surface or grain boundaries. The simplified expression

of the above reaction becomes

nTlTi + [(2n—1)+Z/u]OO — TinO

o1t Z/2u Oz(g)

+(Z/u -l)V; + 2(Z2/u -l)e’'---(28")

Once the reaction (equation 28’) reaches an equilibrium
state, interaction between oxygen vacancies is assumed
sufficiently small that the law of mass action can be
applied. With the electrical neutrality condition,

Cnlx2CV "1
(o]
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3(Z/u -1) Z/2u

K=a_ [V p 2/2u 0
2

o (Z2/u-1) 2(Z/u -1)
cstVs Cnl 0, o« {n]

P

whereczcs is the activity of CS planes and is approximated
to be constant.
The electron concentration as function of oxygen partial

pressure 1s expressed as

02

-1/8
0, ----(29)

=P
The reaction, equation (28'), implies that (Z/u) must

be larger than unity to generate oxygen vacancies as

well as CS planes. This is based on the thermodynamic
assumption that CS planes as extended defects are generated
from the point defect aggregation and the shear plane

will be in equilibrium with point defects.(44) To explain

this, reaction (equation 28’) can be expanded as follows;

nTi .. + [(2n°1)+Z/u]OO —> nTi

T3 + (2n—1)0O + Z2/2u Oz(g)

Ti
+ Z/u v; + 22/u e’ ———--—= (28-1)

and

: _ V>~ : Y e -
nTlTi + (2n-1)0_ + V== Ti 0, 4 + 2h (28-2)
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From equation(28-1)

2/2Up¢, 72 /u

K' = P, RV K = K — (28-3)
2 (e}
From equation(28-2)
a p
' esled (28-4)
Vo'l
Therefore
K'K® =a_p. 2/20py q(2/u-1)p 22/0092 ____(9g-5)
cs 0Oy o)
Also since np=Ki
K'K” Z/2u

—_:Zr_ ~ acsP02 I:v;:"J(Z/Lr-l)[r_I:IZ(Z/u -1) = (28-~6)
From this result equation (29) is obtained.

The possible values of S is limited in the range
0¢(S<6. Table (18) 1lists some wvalues of S, Z/u and the
resulting ratio of crystallographic shear planes to oxygen
vacancies. 2Z/u 1s the ratio of total oxygen escaping

from the s0lid into the gas phase to the amount of oxygen

vacancies which participate in the CS plane (ie, oxygen



S Z/u Cs/v,
0 VA oo
) 6/5 5/1
1.2 5/4 4,1
1.5 473 3N
2 3/2 2/
3 2N VA
4 3/ 1/2
5 6/1 1/5

Table 18. Values of S, corresponding Z/u, and

ratios CS/vg
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vacancies eliminated by the generation of CS planes).

For increasing S values, CS/Vé'decreases and at S$=6 no

CS planes form. For undoped rutile, at very low oxygen
pressures we observed a slope close to -1/6 at 900°C

and -1/5 at 1200°C. The slope -1/6 is from OxXygen vacancies

as the dominant point defects.
(2) CS planes with titanium interstitials
For this case the reaction proceeds as follows

Ta Tiy 0, o —7 WTL 0, 1) + 2/2 0,(3)
. .0
*Ta Ty o nu-(2-u)72%2-x-u(zn-1) -2 731 (2-u) /2

+ 2(Z2-u)e’ ---(30)
This is simplified as

Cn+ 172 (Z2/u ~1)1Ti.. + C(2n-1)+ Z/ul0
Ti o}

—2 Ti 0, _, + 2/2u 0,(g)
+1/2 (Z2/u -DTiY + 2(Z/u -1)e’--(30")
Assuming a fixed activity of CS planes and the electrical

neutrality condition, 4[Ti§] = fnd, it follows that
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~Z/05(2-u)] _

[nl o P
The S’values are limited to the range 0<(S’'<(5 for generation
of CS planes. Table 19 shows various S’ and corresponding
ratios of Z/u and CS/Tiél

According to the present model, the abrupt change
of conductivity at very low oxygen partial pressures
is solely attributed to the variation of concentration
of charge carrier through the reaction of equations (28)
or (30). It should also be noted that a combination
of oxygen vacancies with CS planes can also cause the
observed -1/5 dependence of conductivity at low oxygen
partial pressure.

The reactions, equation (28’) and equation (30’), are
also applicable to the undoped rutile for the eguilibrium
between CS planes and point defects. This is evident
from the derived equations (28’) and (30').

It is believed that donor or acceptor impurities
shift the oxygen pressure where both the extended and
point defects become stable through lattice potential
stability. However the experimental observation of the
variation of oxygen pressure between the undoped and

Ta-doped cases is small. For example, for T=11500C,

the abrupt change of conductivity in undoped rutile occurs
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5’ Z/u csm?'

0 1/1 o0

] 10/8 8/1

1.2 25/19 18/3

1.5 20/14 14/3

2 5/3 3/1

3 10/4 4/3

4 5/1 1/2

Table 19. Values of S', corresponding Z/u, and

ratios CS/Ti?'.
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at P, =10734-3
2

change is at P

atm., while for 1% Ta-doped rutile the

0 =10_15 atm.. At T=1100°C the undoped
2
sample shows the abrupt change at 1302=10_16

the same pressure for the doped sample of 0.5% Ta. For

and approximately

the Ta-doped sample it is observed that there occurs
a wide range of transitions prior to the sudden increase
of conductivity which is absent in the undoped sample.
The abrupt increase of conductivity dependence after
the -1/5 region (Fig.27) is interpreted as a biphasic
region consisting of dispersed CS planes within a rutile
matrix. The upper composition limit of the €S plane
is TiOl.973 at 1000°C which corresponds to the (132)
CS plane. This abrupt slope is close to 2.0, being followed
by the -1/2 slope region for undoped and -1 to ~1/1.4
for the Ta-doped rutile.

All of these large slope dependences are interpreted
by the new model presented here.

For the broad transition range from the pressure
independent region of conductivity to the anomalously
steep region for the cases of Ta-doped rutile, it was
not investigated whether this is caused by generation
of CS planes or a short range of intrinsic dependence.

Observations in the electron microscope support

the presence of extended defects for very small departures
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from stoichiometry, as low as 10-3—-~ 10_4. To accept

this observation, there are several other phenomena still

remaining to be explained, such as the variation of chemical

diffusion coefficiant, and the hysteresis of oxygen chemical

potential in different oxygen pressures.(11l)

If, however, the extended defect occurs in the oxygen

pPressure range where the point defect model has been

applied to interpret the data, a new model is required

for this interpretation.

According to the conclusion made by Baumard et al from

conductivity measurements, the equlibrium between TiOz_x

{(mainly point defects) and the highest ordered phase

Ti O,,_; (extended planar defect in the rutile matrix)

should occur at a larger departure from stoichiometry.
T.E.M. studies were conducted to confirm the range

where the generation of extended defects occurs in Ta-doped

rutile. These results were correlated with the observed

electrical conductivity behavior.
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7. T.E.M. STUDIES.

The crystallographic shear mechanism eliminates
point defect by changing the mode of linkage of the TiO6
octahedra. This results in restored ccherence to the
oxygen sublattice but creates a fault on the metal sublattice
such as CS planes.
When an electron wave is passing through the crystal
the fault plane causes a phase shift and image contrast
occurs (Appendix 2.). A planar fault which is inclined
with respect to the surface of the specimen shows up
as a series of fringes. The properties of these fringes
are determined by the value of the phase factor a =2mg*R
which modifies the transmitted and diffracted intensities
at the bottom of the crystal relative to their values
for a perfect lattice at the top.
For fringe profiles there are two special cases,
i.e. oo-fringes and d- fringes. o-fringes occurs when
o = 2mg*R#* 0 and 81_52:0‘ S

vectors on either side of the boundary. 0 -fringes occur

1 and 82 are the deviation

when a =0 and wl—wzveo, where W is a dimensionless parameter
with W=S4(extinction distance) which is used for the
deviation from Bragg’'s condition.

The results of fringes for each of these cases in compara-
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tively thick sections are listed in Appendix 3.

Translation interfaces such as antiphase boundaries (APB)
and stacking faults produce o -fringes and twin interfaces
result in 4§ -fringes.

By observing the symmetry of the outer fringes in bright

and dark field images, we can analyse the family of crystal-
lographic planes. When a =7 , the fringes in B.F. and

D.F. images are complementary with respect to the background
and the central fringe is bright in B.F. and dark in

the D.F. image.

The diffraction pattern containing thin planar faults
eXxhibit streaks perpendicular to the fault plane on the
reciprocal lattice points when the fault plane is paralilel
to the incident beam. The supperlattice reflections

by the ordered CS planes lie along the g vector of the
pPlanes and are closely spaced with strong reflections

close to the rutile positions.(47)

7-1. SAMPLE PREPARATION.

Ta-doped(5000ppm) polycrystalline and undoped single
crystal were annealed at two equilibrium states; in PO
21072 atm. and 10 %®°3 atm. at 1100°C. The specimens

were then atmosphere-quenched by pulling them from the
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hot zone to room temperature in the controlled atmosphere
furnace tube.

Fracture flakes crushed between two glass slides were

mounted on a copper grid and carbon-coated. The mounted
samples were examined in both Hitachi HU-11B-3 type microscope

operated at 100 and 125 KV, and H-B00 at 200KV.



90

7-2.T.E.M.ANALYSIS.

The interesting defects in the analysis are the
CS planes to which the abrupt increases in electrical
conductivity during reduction at low oxygen activity
have been attributed. The representative planes observed
in all samples treated in two different conditions are
shown in Fig.T-1. Among these,(b),(c), and (4) are the
very common defect planes observed.
In (a), planes (A) are wedge-shaped because they are
not completely parallel to the electron beam direction,
while planes (B) are nearly edge-on. These planes sometimes
moved perpendicularly under the electron beam, until
a certain density had been reached.

Plane (A) in (b) is clearly recognized as a twin
plane from the intersection of two planes (A) and (B).
Alternating twin bands are shown 1n (c) and (4) which

are very common in all samples.
(1). Samples reduced at P 2=10-
In both doped and undoped samples, twin bands are

observed. Besides these, {1013 fault planes are observed

as shown in Fig.T-2.



()

Doped sample reduced at 1100°C, Doped sample reduced at 1100°C,

PO =10_9atm. Antiphase boundaries. P =10"16'5atm. Twin plane.

2 0,

Fig. T-1. Antiphase boundaries and twin planes observed commonly in the reduced
samples(a-d).

L6
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It has been reported that the displacement vector R,

in Cr-dope and undoped rutile, is 1/2 (011>r.(32,47).

For the Ta-doped rutile, it is assumed R=1/2 <Oll>r because
the doping level is very low. The shear plane (101)

is parallel to the displacement vector 1/2 £1011. Therefore,
there is no perpendicular component of R on the plane
(101). This plane doesn’t cause any change in chemical
composition which means the (101) plane is an antiphase
boundary(APB). (a) in Fig.T-2 shows a heavy density

of APB. Planes (b) in Fig.T-2 are (10l1) twin planes

rather than APB. The diffraction pattern of (b) indicates
as unsplit row of spots along g(101) and all other spots
are split in the direction parallel to the unsplit row.

The planes are reflection twins. In pure single crystals,
both APB and twins are observed as in the doped sample.

No CS planes were observed in these samples. Therefore,
nonstoichiometry by reduction at this oxygen partial
pressure is achieved by point defects.

Bursill and Hyde reported APB{1013} with R=1/2 <101>r
as a result of the operation of slip to release the elastic
stress during reduction or possibly quenching.(32) Gibbs
et al observed {1013twins in the slightly doped rutiile

with less than 5 mole % CrO and equilibrated at 13300

1.5
K<1570°K in air.(51)



(a) Bright field of APB planes(101). Diffraction pattern of APB planes,
[111] zone axis.

Fig. T-2. Bright field images and SADs of twin and APB planes of doped(a,b)

and undoped{c,d) samples reduced at 1100°C, P =10'9atm.

0,

76



{(b) Bright field of twin planes(101).

Diffraction pattern of reflection
twin, [131] zone axis.
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=10_16‘5 atm

(2). Samples reduced at PO2

The selected area diffraction (SAD) patterns of
undoped and doped samples of several crystal orientations
are shown in Fig.T-3 and 4. After the samples were reduced
in E’02=1O_9 atm., they exhibited considerable twinning.

In addition to these planes, CS planes were observed.

The occurence of CS planes was much less than that of

the twin planes.

In both samples {132} and {121} CS planes were observed
and the superlattice spots are very regular along the
planar fault g vector. Higher magnification of the bright
field (Fig.T-5) shows regular spacing of {121} CS planes.
The spacing is approximately 15A from both the bright
field measurement and the calculation from the diffraction
pattern. Some twins contain CS planes as shown Fig.T-5.

The reducing environment of these samples corresponds
to the region of steep slope dependence of conductivity
(Fig. 23.and 27.). The crystals reduced in this region
contain CS planar faults as extended defects which are
equilibrated with point defects according to equation
(28-2). The ratio of the amount of these two types of
defects depends on the reduction temperature (eguation
28-4). The point defect model does not give the larger

slope dependence of conductivity such as -1/2.
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The combination of extended and point defects predicts
the very large slopes of the measured électrical conductivity
as a function of oxygen activity.

The TEM observation is consistent with the reaction
model for the very low oxygen activity region where the
extened defect exists in equilibrium with point defects
to account for the abrupt increase in conductivity dependence.
No extended defects are observed in the pressure indepen-
dent conductivity region as expected by the new reaction

model.



(a)

(b)

Fig. T7-3. SAD of various orientations of undoped sample reduced at 1100°C, P -16.5

=10
0

atm. Diffraction patterns showing supperlattice directions along
[312](a; zone axis close to [021]), [1211(b; zone axis cliose to [171]),

[1017 and [017](c; zone axis close to [111]). €S planes {312)(a) , {121)(b)
and {101} twins(c).

oot
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(a) (b)

Fig. T-4. SAD of various orientations of doped sample reduced at 1100°C, PO =10716-°

atm. Diffraction patterns showing supperlattice directions along 2
[132](a; zone axis[111]), [312] and [121](b; zone axis[315]}, and [211](c;

zone axis[113]). A11 are CS planes{121} or {132} .
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(a)

A

I N
HL;L lr q.l :JQSLI{SB'.- S

Fig. T-5. Higher magnification of CS planes{12t}of doped sample reduced at 1100°C,
Po,=10"* - atm. (a);Zigzag lamellae of (121) and (211) CS planes, (b);(2i1)
2 o
€S planes. CS spacing is 19A in both.

vOl
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B8.CONCLUSIONS.

1. Nonstoichiometric, doped and undoped rutile, TiOz_X
exhibits two defect structure regions; a point defect
region at comparatively high oxygen partial pressures
and an extended defect region where point defects

coexist before a homologous series of phases appear.

2. In the point defect region, the electrical conductivity

-1/6
02

at high temperature

of the undoped rutile is proportional to P at

-1/5

low temperature and changes to PO2

at very low oxygen activities.

3. The effects of low levels of Cr dopant as an acceptor
on the electrical conductivity in a reducing atmosphere
is negligible, except for a slight shift of the n-p

transition to lower oxygen partial pressures.

4. The microstructure of the reduced crystals in the
region of a sudden increase of conductivity contains
{1321 and {1211CS planar faults. The generation of
these CS planes causes the abrupt increase of conductivity
with reduction in the very low oxygen activities.

The new reaction model of equations (28’) and (30°)
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explains this particular behavior.
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9 .RECOMMENDATIONS FOR FUTURE WORK.

1.Thermogravimetric measurement of doped rutile during
reduction/oxidation would enable the calculation of
the x value in MOZ_X(M;sum of Ti and dopant). From
these results, the density of the electron charge carrier
can be calculated based on the assumption of a fixed

unit cell for rutile. From the conductivity measu-

rement, the charge carrier mobility can be obtained.

2.The counter effect of opposite dopants on conductivity
and dielectric properties can be studied by simultanious
doping of controlled amounts of donors and acceptors
to study whether they simply compensate each other
electronically as counterpartners or contribute other
complex defects. The results will be useful in the

control the effect of unintended impurities.

3.The effect of grain boundaries on the electrical conduc-
tivity of polycrystalline sample can be determined
by controlling the grain size of test specimens. The
conductivity measurements for different grain sizes
will enable the quantitative analysis of grain boundary

effect with the density and mobility of electron charge
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carrier.

.Reduced BaTiO, at very low oxygen activity shows similar

3
dependence of conductivity to that of reduced rutile. (52)
The study of microstructure of the reduced crystal

may also lead to a new reaction model.
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APPENDIX 1.

VARIATION OF DONOR ACTIVATION WITH ITS CONCENTRATION
AT CONSTANT TEMPERATURE.

When an n-type semiconductor containing N4 t:m“3
of monovalent donor impurities is in thermal equilibrium,
the fraction of ionized donors depends on doping concent-
ration.
Effective density of states in the conduction band is

Nc = 2(2 kaT/h2)3/2 ————— (a-1)

If the Fermi energy Ef is lower than Ec the free electron

density is

n_ = Nc expl-(Ec-E

o )/RT] ---(a-2)

f

When the doping level is Nd and Ndi are ionized, then
Nd-Ndi=Ndn are neutral. The ratio of (# of neutral/#
of ionized state)

(Ndn/Ndi)=CNdn/(NdA-Ndn)1=g exp[(Ef+Ed—Ec)/kT] -~(a-3)

where g is the statistical weight of neutral state.



Suppose there are no other impurities and band tailing
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of the conduction band is neglected. Then nO=Ndi=Nd—Ndn.

From equation (a-2) and (a-3) the uncompensated carrier

density satisfies

n ?/(Na-n_) = (Ne/g)expL-Ed/(KT)I=n, ---(a-4)
Therefore,
n, = n1/2[(l+4Nd/n1)l/2 -11 ---(a-5)

The parameter n, determines how nO/Nd varies with N4
for a given temperature by the following relation,

1/2

nO/Nd = n./(2Nd)C(1+4Nd/n,) -11 ---(a-6)

1 1

The relation of equation (a-6) is numerically depicted

in table and graph in the follwing page.

REFERENCE

J.S5.Blakemore, "Semiconductor Statistics”,Pergamon Press,

Chapt.3,pl17(1962)
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Table and Figure A: The relation between un-

compensated carrier density,n

at a given temperature(that i%

parameter n1).

vs donor density
a fixed value of

Nd/nl nO/Nd hD/n.l

0.00 0.999 0.001
0.003 0.997 0.003
0.01 0.990 0.010
0.03 0.972 0.029
0.1 0.916 0.092
.3 0.805 0.242
1.0 D.618 0.618
2.0 0.500 1.00
4.0 0.390 1.56
6.0 D.333 2.00
B.O 0.297 2.37
10.0 0.270 2.70
12.0 D.250 3.00
14.0 0.234 3.28
16.0 0.221 3.53
18.0 0.2096 3.77
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APPENDIX 2.

VISIBILITY OF LATTICE DEFECTS IN T.E.M.

The amplitude of the scattered electron wave from a crystal

as a whole is

W o~ expEZni(g+s)*(rn+R)]dt
X -tal

where g is a vector of reciprocal lattice, s the deviation
vector, L the position of unit cell with respect to

the origin of the crystal, R the displacement vector

for the defect, t thickness of the sample along the incident
beam direction. g*rn is always an integer and s*R is

very small compared to other terms, so it may be neglected.

As a result, the scattered amplitude becomes
VU~ ezp2ni[(g*R)+skrn3dt
X-tal

For the case of a perfect crystal, the scattered amplitude

is

U A~ exp2ni[(g+s)krn]dt
X-tal
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Thus, the scattered amplitude of a perfect crystal is
modified by the phase factor 2mg*R for the defect in

the crystal. The phase factor gives a different intensity
from the background intensity which comes from the perfect
portion of the crystal. Therefore, defects may be visible.
Accordingly, the magnitude of g*R must be sufficient

to give a detectable contrast over the background.
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The nature of the outer fringes in « - and §- fringes.

a -fringes;

Bright field Dark field
First Last First Last
Sina >0 Bright | Bright | Bright Dark
Sina <0 Dark Dark Dark Bright
a = 2 7gsik
d ~-fringes;
Bright field Dark field
First Last First Last
5 > 0 |Bright Dark Bright | Bright
¢ <o Dark Bright Dark Dark
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