OI3UKA I XIMIA TBEPAOI'O TIUTA
T.9,Ne2(2008) C. 350-352

PACS: 68.55.-A, 81.15.CD, 73.61.-R

PHYSICS AND CHEMISTRY OF SOLID STATE
V.9, Ne2 (2008) P. 350-352

ISSN 1729-4428

V. Lisauskas, B. Vengalis, K. SliuZien¢, V. Pyragas

Epitaxial Growth and Oxygen Nonstoichiometry of Magnetron—Sputtered
Conductive LANIO;_, Thin Films

Semiconductor Physics Institute, A. Gostauto 11, LT-01108, Vilnius, Lithuania, lisa@pfi.lt

LaNiO;_ thin films (d = 0.1+0.2 pm) were grown heteroepitaxially by dc magnetron sputtering onto lattice—
matched NdGaOj; substrates. Oxygen content in the films was varied in a wide range (6= 0+0.5) by annealing at Ty,
= 700+900 K either in vacuum or pure oxygen. Resistance versus temperature of the nonstoichiometric films was
measured in a wide temperature range (300+1000 K). The metal-insulator (M—I) transition has been indicated for the
films with Jdincreasing. Presence of composition-dependent energy gap has been indicated for oxygen-deficient films

with 6> 0.25.
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Introduction

Mixed valence lanthanum-nickel oxide, LaNiQ;, is
known as a conductive binary oxide exhibiting metallic-
like conductivity in a wide temperature range. Low
resistivity values (down to about ~ 34 uQcm [1]) and
high carrier density (up to ~ 1.7x10* ¢cm™ [2]) have been
indicated for the compound at 7= 300 K.

Crystalline structure of LaNiO; characterized by a
perovskite-related pseudocubic cell (a = 3.84 A [3]) is
matching well to those of various oxide materials.
Therefore oxygen—saturated highly conductive LaNiO;
films are frequently used as electrodes in various device
structures  containing  perovskite-like  ferroelectric,
ferromagnetic and high 7. superconducting layers
although it is well known that oxygen nonstoichiometry
induced by film annealing under reduced oxygen
pressure may result an increase of film resistance by
several orders of magnitude.

Electrical and magnetic properties of
nonstoichiometric LaNiOz; (LNO) thin films were
investigated by a number of authors [1-4]. It was found
that resistance versus temperature of the oxygen-
deficient compound changes from metallic-like (0 <
0.25) to a semiconductor-like (6 = 0.25+0.5). However,
up to now attention was only paid to low temperature
region (7 < 300 K). It was established that at low
temperatures resistivity of the metallic phase increases
exponentially with ¢. The metal-dielectric transition
observed at 4 = 0.25 has been explained assuming
redistribution of electrons in the energy bands and by a
change of both Ni ion valency (from 3+ to 2+) and
symmetry of the crystal.
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I. Experimental

Thin LNO films were deposited by a reactive d.c.
magnetron sputtering on monocrystalline NGO(100)
substrates. The sputtering was performed in Ar and O,
mixture (1:1) at pressure of about 10 Pa. To prevent film
bombardment by high energy oxygen ions occurring
during deposition, NGO substrates were positioned in the
off-axis configuration at a distance of 25 mm from the
symmetry axis of the discharge and 10 mm over the
target plane. The substrate temperature was set at 650 °C.
Thickness of the sputtered films varied from about 0.1
pm to 0.3 pum.

Microstructure of the layers was investigated by
means of X-ray diffraction, reflection high-energy
electron diffraction and atomic force microscopy (AFM).
Thermal stability of LNO thin films were investigated in-
situ by measuring R(7) dependencies during film
annealing under various oxygen pressure conditions.

II. Results and discussion

Fig. 1 shows typical RHEED patterns demonstrating
epitaxial quality of the prepared films. Relatively smooth
surface of the LNO/NGO films can be seen from AFM
image displayed in Fig. 2.

Curve 1 in Fig. 3 shows resistance versus
temperature of oxygen saturated LaNiO; film measured
during film heating (d77/dz 9 K/min) from room
temperature up to 7= 1000 K in vacuum with residual
oxygen pressure p(0,) ~ 10~ Pa. Following this figure we
point out three different regions in the presented R-T
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Fig.1. Typical RHEED pattern of epitaxial LNO thin
film deposited at 650 °C
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Fig.2. AFM images and surface roughness of LNO thin
films on NGO substrate
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Fig.3. Resistance variation measured for LaNiO; film
during heating with d7/d¢ = 9 K/min (1) and subsequent
fast cooling in vacuum from 7'= 800 K (3) and 950 K (2)

curve. It can be seen from Fig. 3 that at low temperatures
(up to T = 670 K), concentration of oxygen in the
compound doesn’t change with heating. Metallic-like
conductivity observed in this case for the stoichiometric
LaNiO; compound may be understood assuming

presence of Fermi's level in a conduction band due to
overlaping of O 2p6 and Ni 3d8 bands. Significant
resistance increase at temperatures ranging from 670 to
870 K seen from the figure may be understood taking
into account oxygen out-diffusion from the film to a gas
ambient. Increase of R with film heating at these
temperatures may be associated either to the localization
of carriers, or appearance of gap between O 2p6 and Ni
3d8 bands at J > 0.25. At T'= 870 K, symmetry of LNO
cell changes, all Ni ions become bivalent, and resistance
versus temperature of the films becomes semiconductor-
like. Finally, with temperature increasing at 7 > 870 K,
resistance of the film begins to decrease due to activation
of carriers from the valence band to the conduction band.
In this region the same R-T curve is reproduced either
with increase or decrease of temperature. It means that
all Ni ions should be bivalent (6 = 0.5) in this
temperature region. The R-T curve in this region was
found to follow the relationship: (p/py) = €,/2kT with the
band gap ¢, = 1 eV found as the best fitting parameter.
This value is difficult to establish by applying direct
optical methods as far as electronic transitions in Ni 3d9
band are overlapping with those related to La 5d band.

Curve 2 in the same figure was obtained for the same
film with reduced oxygen content (6 = 0.5) during film
cooling from 7 = 950 K, while curve 3 corresponding to
the same film with partially reduced oxygen content was
measured during film cooling from 7'= 800 K.

The logR = f(1/7) plots displayed for LNO films
with various oxygen content (Fig.4) represent a set of
lines demonstrating activation behaviour of electrical
conductivity. The estimated activation energies of the
material as a function of room temperature resistivity are
shown in the inset to Fig.4. Thus, it leads from figure that
both resistivity and activation energy of LaNiO;_s films &,
(0+1.0 eV) may be tuned in a wide range by changing
oxygen content in the films.
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Fig.4. Electrical resistance versus //T of LaNiO;_; films
with various oxygen contents measured during film
cooling

Figure 5 depicts the R-T dependence of LNO film
measured during annealing of LaNiO;; films in an
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Fig.5. R(T) dependencies of LNO films (d = 0.1 pm)
measured during heating (1) and following cooling (2) in
pure oxygen (p(0,) = 5x10° Pa)

oxygen atmosphere (p (0,) = 1x10° Pa). Three different
regions were found in this case in the R (7)
dependencies, measured with temperature increasing. In
the region of low temperatures, a comparatively slow
decrease of resistance was observed. Similar R(7)

dependencies were measured either with temperature
increasing up to 900 K or cooling down to 300 K. This
means that the obtained R(7) curves should be related to
activation nature of conductivity rather than to a possible
diffusion of oxygen in the film. Sharp resistance decrease
occurring at 7 = 600 K is caused by penetration of
oxygen into the film. In the region of higher temperatures
the samples are saturated by oxygen and thus
characteristic metallic-like conductivity is observed.

Conclusion

Electrical resistance of epitaxial LaNiO; films was
measured in a wide temperature range (3001000 K)
during their annealing in oxygen and vacuum. It was
found from electrical measurements that both electrical
resistance of the nonstoichiometric LaNiOs_; films and
their activation energy (& = 0+1.0 eV) may be tuned by
controlling oxygen out-diffusion from oxygen-saturated
LaNiO; films with their annealing at 7= 700+900 K.
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Tonki mmiBku LaNiO;z;5 (d = 0.1+0.2 pm) Bynam BupomieHi reTepoemniTakCiiHUM MarHeTPOHHUM
pO3MMIeHHSM Ha migiOpani miakiaiaku cyOocrparsl NdGaO;. Bwmict kucHIO B IUTiBKax BapitoBaBcsi B
mupokux Mexax (0 = 0+0.5), Bignamorwun npu T, = 700+900 K B Bakyymi a0 4HMCTOMY KHCHI.
CrifiKicTh MPOTHU TEMIIEPATYpH HECTEXIOMETPUYHUX IUIIBOK OyJula BUMipsHa B IIMPOKOMY Jiana3oHi
temrepatyp (300+1000 K). ITepexin meran-izonsitop (M-I) criocrepiraBcst B 1uriBka3 3 30UIbIICHHSM O.
HasBHICTh KOMIIO3UTHO-3aJIKHOTO €HEPreTUYHOr0 Kpu3ecy OyJio Bim3HaueHe sl OiTHMX HA KUCCHb
IUTIBOK 3 0> 0.25.

352



