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Effects of hydrogen anneals on oxygen deficient SrTiO5_, single crystals

Bharat Jalan, Roman Engel-Herbert, Thomas E. Mates, and Susanne Stemmer®

)

Materials Department, University of California, Santa Barbara, California 93106-5050, USA
(Received 28 June 2008; accepted 18 July 2008; published online 6 August 2008)

The influence of hydrogen gas anneals on the electrical properties of nominally undoped,
oxygen-deficient SrTiOs_, single crystals was investigated. Titanium getter layers and vacuum
anneals were used to obtain oxygen-deficient SrTiO;_, with a low electrical resistivity. These
crystals showed an optical absorption peak at 2.92 eV and strong midinfrared absorption.
Subsequent anneals at 800 °C in forming gas, which contained 10% hydrogen, returned the crystals
into the insulating, transparent state. The mechanisms by which hydrogen anneals can compensate
for the effects of oxygen vacancies in SrTiO5_, are discussed. The results show that forming gas
anneals of stoichiometric SrTiO; can lead to complex electrical conduction behavior. © 2008
American Institute of Physics. [DOI: 10.1063/1.2969037]

Oxygen vacancies can act as electron donors in SrTiO;,
causing a wide range of phenomena, including
superconductivity.1 They are also believed to form relatively
easily during thin film deposition even at moderate growth
temperatures.z’3 Electrically conducting SrTiO; crystals are
often obtained by annealing in highly reducing, hydrogen-
containing atmospheres.‘"6 The use of hydrogen as a reduc-
ing agent makes establishing the relationship between oxy-
gen vacancies and the electrical properties complicated. In
particular, interstitial hydrogen has been suggested to act as a
shallow donor in SrTiO; and related materials.”® Thus both
oxygen vacancies and hydrogen may potentially contribute
to the electrical conductivity of SrTiO;. Understanding the
role of hydrogen in SrTiOj; is also of technical importance.
Forming gas, which contains hydrogen, is used in semicon-
ductor device processing and causes a large increase in the
leakage current of SrTiOj; films and related materials, such as
(Ba,Sr)TiO3.9’10 Infrared (IR) studies of SrTiO; heated in
humid atmospheres (which thus contain an oxidant) have
established that hydrogen is incorporated interstitially where
it bonds to the lattice oxygen to form hydroxide (OH").'""?
In contrast, less is known about the role of hydrogen in re-
ducing conditions and in the presence of oxygen vacancies.

In this letter, we report on a series of annealing studies of
nominally undoped SrTiO; single crystals aimed at separat-
ing the role of oxygen vacancies and hydrogen on the elec-
trical conductivity. We show that hydrogen anneals effec-
tively compensate for the electrical and optical properties
caused by large concentrations of oxygen vacancies in
StTiO4_,.

Double-side polished, Verneuil-grown, nominally un-
doped SrTiO; single crystals (MaTeck GmbH, Germany)
were annealed in different atmospheres. An ultrahigh
vacuum chamber (~107° torr) was used for vacuum anneals
at 800 °C for 30 min using ramp up and down rates of
10 °C/min. On selected samples, either a Ti backing layer
(~500 nm) or patterned Ti top contacts were deposited by
electron beam evaporation before the vacuum anneals. Oxy-
gen and forming gas (10%H,/90%N,) anneals were carried
out in a rapid thermal annealing furnace at 1150 and 800 °C,
respectively. In each case the ramp-up time was 20 s fol-
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lowed by rapid cooling, all carried out in the same atmo-
sphere. Electrical resistivities were characterized by four-
point-probe measurements using Ti top contacts deposited
through a shadow mask. Backside secondary ion mass spec-
troscopy (SIMS) profiling using 6 kV CsX+ primary ions
was used to investigate compositional changes in the Ti
backing layer after vacuum annealing. Optical transmittance
measurements at wavelengths between 350 and 2600 nm
were recorded using a Shimadzu UV-3600 spectrophotom-
eter. The study of OH-related peaks, located around
3500 c¢cm™' in the IR, was carried out using a Nicolet Magna
850 spectrometer.

No measurable electrical conductivity was observed for
the as-received and oxygen-annealed crystals or those an-
nealed in vacuum without Ti backing layer or contacts.
SrTiO5 crystals with a Ti back layer that were annealed in
vacuum showed a low sheet resistance (1 €)/sq) and their
color changed to black. Figure 1 shows a SIMS depth profile
for oxygen and titanium across the Ti/SrTiO; interface be-
fore and after vacuum annealing. The Ti film contained sig-
nificant amounts of oxygen after annealing, in particular near
the interface with SrTiOs. Thus the electrical conductivity of
SrTiO5_, was directly related to large concentrations of oxy-
gen vacancies produced by the oxygen gettering properties
of the Ti back layer. Annealing of SrTiO; crystals with pat-
terned Ti top contacts also resulted in a low sheet resistance
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FIG. 1. (Color online) SIMS oxygen depth profiles across a Ti/SrTiOs
interface before and after annealing in vacuum. The Ti profile is also shown
to identify the layers. Note the accumulation of oxygen in the Ti film,
especially near the interface with SrTiOs, after the vacuum anneal.
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FIG. 2. (Color online) Optical transmittance as a function of wavelength for
a SrTiO; single crystal labeled (a)—(d) in the order of annealing treatments:
(a) as received SrTiO;, (b) after an oxygen anneal at 1150 °C, (c) after
depositing Ti top contacts and annealing in vacuum at 800 °C for 30 min,
and (d) after a 20 s forming gas anneal at 800 °C. The arrows indicate
absorption peaks after annealing in oxygen and vacuum, respectively.

(75 Q/sq), corresponding to a resistivity of 3.75 () cm, and
grayish color. Next, the conducting SrTiO;_, crystals were
annealed in forming gas for 20 s. This anneal returned the
samples into an insulating, colorless, and transparent state.
Figure 2 shows optical transmission spectra between 350
and 2600 nm of the same SrTiOj; crystal subjected to succes-
sive annealing treatments. The as-received crystal showed no
absorption peaks in this wavelength range [Fig. 2(a)]. Oxy-
gen anneals caused light brown color accompanied by an
absorption peak at 2.62 eV with a wide shoulder [Fig. 2(b)].
Oxygen deficient SrTiO5_, obtained by Ti gettering showed a
strong absorption in the mid-IR range [Figs. 2(c) and 3(b)].
The strength of this absorption is known to scale with the
charge carrier concentration'*™'® and was thus consistent
with the electrical conductivity of the crystals. In addition, an
absorption peak at 2.92 eV (424 nm) was observed [see Fig.
2(c)]. This peak also appeared after forming gas anneals
(~80 s) of as-received samples (discussed below). Anneal-
ing SrTiO5_, crystals in forming gas for 20 s removed the
mid-IR absorption band (consistent with the crystals becom-
ing insulating) and the peak at 2.92 eV [Fig. 2(d)]. The op-
tical transmission in the visible to mid-IR range was similar
to that of the as-received crystal. The same result was ob-
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FIG. 3. (Color online) IR transmittance as a function of wave number for a
SrTiO; single crystal labeled (a)—(c) in the order of annealing treatments: (a)
as received SrTiO;, (b) after depositing Ti top contacts and annealing in
vacuum at 800 °C for 30 min, and (c) after a 20 s forming gas anneal at
800 °C. Note the scale is different in (b). The vertical arrow indicates the
OH related peak.
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tained if the Ti layers were removed before the forming gas
anneal.

Figure 3 shows IR transmission spectra containing
peaks characteristic for OH around 3500 em™ . The as-
received crystal [Fig. 3(a)] showed an OH peak, which could
be removed by annealing in oxygen (not shown) and by
vacuum anneals with Ti contacts or back layers [Fig. 3(b)].
The OH peak reappeared after the 20 s forming gas anneal
[Fig. 3(c)]. It was, however, reduced in strength and lacked
the satellite peaks at smaller wave numbers that were present
in the as-received sample. Further annealing in forming gas
caused the OH peak to disappear (not shown). SIMS analysis
showed that hydrogen was present in both forming gas and
vacuum annealed samples without OH peaks.17

In summary, hydrogen anneals had two major effects on
electrically conducting, oxygen deficient SrTiO5_,: they re-
moved optical absorption peaks, which were present in both
oxidized and oxygen deficient samples, and returned the
crystals into an insulating state. Even nominally undoped
SrTiOj5 single crystals are known to contain impurities, such
as Fe and Al, and typical purity levels are no better than
99.99%."® Iron on the Ti site can possess multiple valence
states, which produce optical absorption peaks.4’6’19721 Oxi
dizing anneals stabilize higher Fe valence states, while re-
ducing anneals can stabilize Fe in lower valence states to
compensate for oxygen vacancies, which can also form com-
plexes with the Fe. A peak at 2.9 eV has previously been
observed in reduced, Fe-doped SrTiO;, but has not yet been
assigned to a specific defect (complex).*®?' The results show
that hydrogen has a bleaching effect on these color centers.
Such a procedure is apparently employed for some commer-
cial, Verneuil-grown SrTiO; single crystals, which as-grown
are dark in color and are made insulating and transparent by
Ar/H, anneals.”* A possible explanation is that the hydrogen
anneal causes a change in the Fermi level and transformation
to Fe**, which has no optical absorption peaxk.zo’ﬂ’23

With respect to the mechanism by which hydrogen an-
neals eliminate the electrical conductivity, it is unlikely that
highly reducing forming gas anneals reoxidize SrTiO5_,. One
possible explanation is that traps for the charge carriers are
generated. These traps could involve impurities or native de-
fects present in the samyles; for example, Fe**—V, com-
plexes are electron traps. * The formation of traps would be
consistent with observations reported in the literature that
hydrogen anneals reduce the conductivity of donor (Nb)
doped SrTiO; crystals by an order of magnitude.25 Further
investigations are, however, required to determine the spe-
cific point defects (complexes) present before and after the
forming gas anneal and their charge states. Future studies
should also address how hydrogen is incorporated in oxygen
deficient SrTiO;_,. The reduction/removal of OH peaks may
simply be due to the oxygen deficiency, causing fewer bind-
ing sites to be available for interstitial hydrogen; however,
recent experiments of hydrogen ion conduction in Fe-doped
SrTiO5 under very reducing conditions have suggested that
hydrogen may also be substituted on the oxygen vacancy site
as hydride ion.”

Finally, the results show that the influence of hydrogen
anneals on the conductivity of oxygen-stoichiometric SrTiO5
is expected to depend on the relative kinetics of competing
processes. The highly reducing atmosphere can create oxy-
gen vacancies, but their effect on the electrical properties
may be passivated by the hydrogen anneal. A complex
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behavior was indeed observed: forming gas anneals of oxi-
dized SrTiO; (no Ti contacts) showed the onset of decrease
in the mid-IR transmittance after annealing for some time
(~200 s) and the sample became electrically conductive.
However, additional forming gas anneal brought the sample
back to the insulating, colorless, transparent state. The sig-
nificance of kinetics was also reported by Wild et al., who
observed that slow cooling in hydrogen atmosphere resulted
in insulating SrTiO3.6 The behavior appears to be unique to
SrTiO; (and possibly related materials). Conducting, oxygen
deficient TiO,_, crystals obtained using Ti getter layers re-
mained conductive after forming gas anneals.

The authors thank Dr. Anderson Janotti and Professor
Chris van de Walle for useful discussions. The research was
supported by the National Science Foundation through the
UCSB MRL (Award No. DMR05-20415) and DMR (Award
No. DMR-0602244). One author (R. E.-H.) thanks the Alex-
ander von Humboldt Foundation for support through the
Feodor Lynen program.

IR Schooley, W. R. Hosler, and M. L. Cohen, Phys. Rev. Lett. 12, 474
(1964).

E. J. Tarsa, E. A. Hachfeld, F. T. Quinlan, J. S. Speck, and M. Eddy, Appl.
Phys. Lett. 68, 490 (1996).

3G. Herranz, M. Basletic, M. Bibes, C. Carretero, E. Tafra, E. Jacquet, K.
Bouzehouane, C. Deranlot, A. Hamzic, J. M. Broto, A. Barthelemy, and
A. Fert, Phys. Rev. Lett. 98, 216803 (2007).

C. Lee, J. Destry, and J. L. Brebner, Phys. Rev. B 11, 2299 (1975).

H. P. R. Frederikse and W. R. Hosler, Phys. Rev. 161, 822 (1967).

°R. L. Wild, E. M. Rockar, and J. C. Smith, Phys. Rev. B 8, 3828 (1973).
P. C. Mclntyre, J. H. Ahn, R. J. Becker, R. V. Wang, S. R. Gilbert, L. W.

Appl. Phys. Lett. 93, 052907 (2008)

Mirkarimi, and M. T. Schulberg, J. Appl. Phys. 89, 6378 (2001).

8R. Waser, J. Am. Ceram. Soc. 71, 58 (1988).
°D. Hadad, T.-S. Chen, V. Balu, B. Jiang, S. H. Kuah, P. McIntyre, S.
Summerfelt, J. M. Anthony, and J. C. Lee, Integr. Ferroelectr. 17, 461
(1997).

1. D. Baniecki, R. B. Laibowitz, T. M. Shaw, K. L. Saenger, P. R.
Duncombe, C. Cabral, D. E. Kotecki, H. Shend, J. Lian, and Q. Y. Ma, J.
Eur. Ceram. Soc. 19, 1457 (1999).

"E. G. Wakim, J. Chem. Phys. 49, 3738 (1968).

"’H. Hesse and S. Kapphan, Phys. Status Solidi 50, K243 (1978).

Bp. Houde, Y. Lepine, C. Pepin, S. Jandl, and J. L. Brebner, Phys. Rev. B
35, 4948 (1987).

4W. S. Baer, Phys. Rev. 144, 734 (1966).

15p, Calvani, M. Capizzi, F. Donato, S. Lupi, P. Maselli, and D. Peschiaroli,
Phys. Rev. B 47, 8917 (1993).

p. A. Crandles, B. Nicholas, C. Dreher, C. C. Homes, A. W. McConnell,
B. P. Clayman, W. H. Gong, and J. E. Greedan, Phys. Rev. B 59, 12842
(1999).

"This SIMS analysis was carried out by Charles Evans and Associates, East
Windsor, New Jersey.

18, Mochizuki, F. Fujishiro, K. Shibata, A. Ogi, T. Konya, and K. Inaba,
Physica B (Amsterdam) 401, 433 (2007).

UK. A. Miiller, T. v. Waldkirch, W. Berlinger, and B. W. Faughnan, Solid
State Commun. 9, 1097 (1971).

K. W. Blazey, O. F. Schirmer, W. Berlinger, and K. A. Miiller, Solid State
Commun. 16, 589 (1975).

2K, w. Blazey and H. Weibel, J. Phys. Chem. Solids 45, 917 (1984).

223, Mochizuki, F. Fujishiro, K. Ishiwata, and K. Shibata, Physica B (Am-
sterdam) 376, 816 (2006).

BC. T. Luiskutty and P. J. Ouseph, Solid State Commun. 13, 405 (1973).

A, Lagendijk, M. Glasbeek, and J. D. W. v. Voorst, Chem. Phys. Lett. 24,
295 (1974).

%], Y. Dai, W. P. Chen, G. K. H. Pang, P. F. Lee, H. K. Lam, W. B. Wu, H.
L. W. Chan, and C. L. Choy, Appl. Phys. Lett. 82, 3296 (2003).

g, Steinsvik, Y. Larring, and T. Norby, Solid State Ionics 143, 103 (2001).

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1103/PhysRevLett.12.474
http://dx.doi.org/10.1063/1.116376
http://dx.doi.org/10.1063/1.116376
http://dx.doi.org/10.1103/PhysRevLett.98.216803
http://dx.doi.org/10.1103/PhysRevB.11.2299
http://dx.doi.org/10.1103/PhysRev.161.822
http://dx.doi.org/10.1103/PhysRevB.8.3828
http://dx.doi.org/10.1063/1.1367316
http://dx.doi.org/10.1111/j.1151-2916.1988.tb05760.x
http://dx.doi.org/10.1016/S0955-2219(98)00449-X
http://dx.doi.org/10.1016/S0955-2219(98)00449-X
http://dx.doi.org/10.1063/1.1670670
http://dx.doi.org/10.1103/PhysRevB.35.4948
http://dx.doi.org/10.1103/PhysRev.144.734
http://dx.doi.org/10.1103/PhysRevB.47.8917
http://dx.doi.org/10.1103/PhysRevB.59.12842
http://dx.doi.org/10.1016/0038-1098(71)90470-4
http://dx.doi.org/10.1016/0038-1098(71)90470-4
http://dx.doi.org/10.1016/0038-1098(75)90431-7
http://dx.doi.org/10.1016/0038-1098(75)90431-7
http://dx.doi.org/10.1016/0022-3697(84)90134-3
http://dx.doi.org/10.1016/0038-1098(73)90619-4
http://dx.doi.org/10.1016/0009-2614(74)85456-4
http://dx.doi.org/10.1063/1.1574842
http://dx.doi.org/10.1016/S0167-2738(01)00838-4



