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Thermogravimetric measurements were conducted on undoped, Nb** or Ta’* donor-doped, and Al**
acceptor doped rutile at 1000°C and 10°-10-7 Pa oxygen activity. Nb** or Ta’* doped rutile was
counterdoped by AI** in order to identify the role of AI’* acceptor and its effect on donor doped rutile.
Our results show that both dopants enter the lattice substitutionally for Ti**, that AP+ is as effective an
acceptor as Nb’* or that Ta** is effective as a donor, and the compensation occurs on a one-to-one

basis. Earlier reports indicate that AIP* is at best 50-70% efficient as an acceptor.
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The degree of nonstoichiometry in nomi-
nally pure TiO, varies depending on the ox-
ygen activity and the temperature under
which it is equilibrated. In general, TiO, is
known to be oxygen deficient with anion

vacancy and interstitial cation defects (l_

acancy and inter stitial cation defects
8). Intrinsic defects of the Schottky type
2[Vs] + [V4] have been suggested (9). For
small deviations from stoichiometry, dou-
bly ionized oxygen vacancies, appear to be
the dominant defects, whereas titanium in-
terstitials and singly ionized oxygen vacan-
cies dominate for large deviations from
stoichiometry (/0). Furthermore, extended
defects have also been observed in oxygen-
deficient rutile. Bursiili and Hyde (/7) re-

* ™

10 wnom LUFI’CprﬂUCnLC snuum DC duuressea
On leave from Cairo University, Faculty of Engineer-
ing.

© 1991 Academic Press,

ported the existence of crystallographic
shear planes (CSP) in TiO, ¢985; later, Blan-
chin et al. (12) showed that upon rapid cool-
ing from reducing temperature CSP were
not resolved. It is therefore suggested that
the rates of cooling play an important role

in revealing extended defects. However,
Rlanchin and Bursill (73) renorted that

poits 8410781301 AFRA ORIR i) priivu uaae

compositions in the range TiO| 9994~ TiO 9950
did not show CSP, even when rapidly
cooled from 1323°K, and instead clustering
of small defects was suggested Crystallo—
gi‘apum shear p;anes were also observed in
fine grained rutile when cooled from 700°C
in air in the presence of a small electric field
(14).

It is accordingly clear that although ex-
tensive studies have been made on rutile,
its defect structure still remains uncertain.
The interest in rutile is due to its semicon-

ducting characteristics when equilibrated in
an atmosphere of low oxygen activity. This
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is probably due to the electronic disorder
that compensates for the induced ionic de-
fects whose exact nature is not fully under-
stood.

Earlier work on Nb and Ta-doped rutile
(14) indicate that the donor (Nb or Ta) sub-
stitutes Ti** on normal lattice sites.
Marucco et al. (9) observed both oxygen
deficient and metal deficient domains de-
pending on the oxygen activity. Dirstine
and Rosa (I5) report that for 1-3% Nb,0s-
doped rutile, oxygen interstitials or metal
deficit are the predominant defects at 10°
Pa, upon reduction at 10-7 Pa stoichio-
metric compositions were observed, and
that Ti** interstitials become important
upon further reduction to 10~!3 Pa. It is gen-
erally accepted that the disorder created by
donor doping in rutile is compensated by
either electronic transitions, similar to
those observed in oxygen deficient rutile,
or by a self-compensation mechanism (/6)
whereby charged point defects are formed.
In either case the defect structure of donor
doped rutile, similar to undoped rutile, is
strongly PO,-dependent.

Studies on acceptor doped rutile indicate
that the dopant is compensated by oxygen
vacancies or small defect clusters (17), and
depending on the concentration, crystallo-
graphic shear planes may be developed
(18). 1t is further reported that, depending
on temperature and oxygen activity, associ-
ation between the cation acceptor and its
compensating 0Xxygen vacancy may occur
(19). The authors also suggest that inadver-
tent acceptor impurities affect the defect
structure and behavior of nominally pure
TiO, and are the cause for the —§ power
dependence on oxygen activity in the re-
gion of PO, > 10710 Pa.

Our earlier postulated model on the de-
fect structure of doped rutile (20) does not
fully explain the experimental data ob-
tained from thermogravimetric and electri-
cal conductivity measurements throughout
the entire oxygen activity range. This ap-
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pears to be the case in most of the cited
literature, and more quantitative work is
needed to fully understand the behavior of
doped rutile. However, at the present time,
the compensation modes in counter-doped
rutile appear to be well defined and should
be reported. This has been accomplished by
means of double doping experiments, to de-
termine the relative difference in efficien-
cies between donors and acceptors in the
presence of both.

Experimental

Samples of undoped and donor-doped
(Nb or Ta) rutile as well as that counter-
doped with Al, i.e., (Nb + Al), Ti;_,0,,
were prepared using the liquid mix tech-
nique (27). The amount of donor added did
not exceed 8 At% to avoid the exsolution of
a second phase (22). In the counterdoped
samples, APt was added at the expense of
the donor. Thermogravimetric measure-
ments were conducted in a system designed
to detect weight changes on a 50- to 80-g
sample to an accuracy of =1 mg (~107°
moles) at temperatures up to 1400°C and an
oxygen activity range from 10°-10-1' Pa.
Buffered gas mixtures were used to obtain
the required range of oxygen activity; the
latter was monitored by a calibrated ZrO,
sensor.

Results and Discussion

There appear to be several possible
mechanisms by which donors may be com-
pensated is the rutile structure. We ob-
served that at elevated temperatures Nb- or
Ta-doped rutile absorbs oxygen in excess of
that required by the stoichiometric compo-
sition in a manner similar to our earlier ob-
servations on donor-doped SrTiO; (23) and
BaTiO; (24). Due to the complexity of the
compensation process in rutile, we were
not able to fully explain our results in terms
of the proposed model. More data are needed
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0BT Ty T compensate an equivalent amount of do-
Y T i d nor, rendering it ineffective, and the ob-

2 0 S served oxygen exchange (Fig. 1) is due to
é the residual net donor. If indeed back-
3 oosf ground acceptor impurities alter the defect
% ood rd {  characteristics, in the manner earlier re-
% ool {  ported (26, 27), a one-to-one compensation
H pd would not have been observed. Further-
g 002 e more, the reported (22) impurity—defect as-
oo 7 { sociation does not seem to be evident from
sook . our results.
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FiG. 1. A comparison between experimental and cal-
culated maximum reversible oxygen exchange as a
function of net donor in TiO, at 1000°C.

to understand the behavior of donor-doped
rutile as a function of oxygen activity.
However, an interesting trend was ob-
served when the donor dopant was counter-
balanced by an acceptor in the host lattice.
Nb’* was counterbalanced by Al**and the
relative difference in efficiencies between
the donor and acceptor was found valid
throughout the composition range investi-
gated, i.e., AI’* was found to be just as ef-
fective as an acceptor as Nb** is as a donor
and the resulting compensation is on a one-
to-one basis. This is illustrated in Fig. 1 and
2, and is contrary to Chen and Smyth’s (25)
report on doped n-type oxides where they
indicate that Al is less than 50% effective in
creating acceptor levels. In Fig. 1, the oxy-
gen deficit is determined as a function of
donor dopant at 1000°C. The observed oxy-
gen exchange was equivalent to that theo-
retically expected up to a donor concentra-
tion of 8 At%. At higher concentration, a
deviation from the predicted behavior was
observed and is probably due to the solubil-
ity limit of Nb** or Ta’* in TiO,, which is
reported (22) to be 8 At% under oxidizing
conditions, beyond which exsolution of the
monoclinic phase TiNb,O; is expected. It is
of interest to note that, within the solubility
limit, the AP*-counterdoped samples fully

These observations were further con-
firmed from reversible weight change ex-
periments as a function of effective net dop-
ant at 1000°C and 10°-1077 Pa, as shown in
Fig. 2. Samples containing net residual ac-
ceptor dopant [Nbyi] — JAl] < 0, show a
reversible weight loss characteristic of that
observed due to native defects, (dashed
line) and was independent of oxygen activ-
ity and acceptor content within the range of
our experimental conditions. However, as
the concentration of donor increased to the
point where a net residual donor prevailed,
[Nby] — [AlG) > 0, a gradual increase in the
reversible weight loss was observed, and
was found to be proportional to the net re-
sidual donor concentration. This is illus-
trated by the experimental data points
shown in Fig. 2. A theoretical plot calcu-

0.35 T T T T T T \ T T Ty
T=1000°C
0.30}  Aeducing stm= 167 Pa

E Oxidizing atm = 105 Pa

£

2 o2 1
e

o

H

§ ozof

£ o ]
s N o

H

K]

2

® otof [)

$

]

=

0.05}

o]

0.00 T TOTIT IO VTN VT ¥bws VIS VO YUY et vivrs
-35-30-25-20-15-10-05 00 05 1.0 15 20 25 30 35

Atom % Concentration Difference ( {Nby ] - [Aly] )

Fi1G. 2. Reversible weight changes in TiO- cycled
from 107 to 10° Pa oxygen at 1000°C as a function of
Nb’* and AP*.
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lated on the basis of the net effective charge
is also shown in Fig. 2 (solid line) and found
to be in good agreement with the experi-
mental data.

Our results indicate that AI* acceptor
and Nb°* or Ta’* donor enter the rutile
structure substitutionally for Ti**. The ac-
ceptors appear to play a significant role in
the behavior of donor-doped rutile and that
inadvertent impurities did not alter the de-
fect characteristics of this system.
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