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The parent materials of the first high-Tc cuprate, La,CuO,
(LCO) are known to be correlated with Mott insulators that
become metallic and superconducting upon doping with
charge carriers* A large number of researches have been
performed on bulk samples in the LCO-based materials due
to their simple chemical composition and crystal structures
as well as the rich physical properties.? The transition from
the Mott-Hubbard insulating state to the metallic state is
called the metal insulator transition (MIT),2and is a topic of
great current interest. As an important application of the
MIT, a high-speed Mott switching device using an abrupt
current jump was predicted for atransistor.*

LCO is known to have three different structures,® T-phase
(K2NiFs-type) containing edge-shared CuOs octahedra arrang-
ed in a planar array, T’ -phase (Nd2CuOs-type) in which the
apica oxygen in the T-phase is shifted away from the Cu
aoms, and S-phase (Sr.CuOs) which has isolated CuOs
chains running aong the a-axis of the orthorhombic struc-
ture. Transitionsamong T, T' and S phases were found in the
annealing process of bulk LCO. These are quasi-two-dimen-
siona materials which consist of layers of copper-oxide
planes separated. It seems that most of the properties are
determined by e ectrons moving within CuO. planes.

The preparation of the thin film® is a key point to develop
the devices such as therma switching, thermochromatic
coatings, non-volatile memory etc. applying MIT properties
of LCO. High quality thin film of LCO is required for a
variety of fundamental studies. The electrical and transport
properties of LCO-based thin films are highly sensitive to
the degree of c-axis orientation in the film growth and
induced strain due to lattice mismatch with the substrate. A
large number of substrates have been used to obtain highly
oriented LCO thin films with good electrical properties such
as NdGa0s, LaALOs, SITiOs, and SrLaAlOs substrates with
asmall lattice mismatch.” However, these cannot be used in
the development of the MIT devices as common substrates
because it is too difficult and expensive for the preparation
of their single crystalline structure. LCO thin filmisrequired
to be grown with c-axis orientation on the surface of
common substrates such as SO acting as a gate oxide for
fabrication of MIT devices.

In the present work, we report the first preparation of c-
axis oriented LCO thin films on S substrate, which is

largely lattice-mismatched with LCO, by pulsed laser de-
position (PLD) following in-situ post-annedling in oxygen
ambient. PLD technique is a well-known deposition techni-
que providing stoichiometric transfer of target materials via
congruent evaporation for a wide range of materials includ-
ing metals, aloys and oxide films.

Experimental Section

The polycrystalline LCO target was prepared by a conv-
entional solid-state reaction. Stoichiometric amounts of
LayOs (99.9%, preheated a 900°C for 12 h) and CuO
(99.9%) were thoroughly mixed and heated at 1050°C for 24
hrs in the air. The powder was ground and pressed into
pellets under a pressure of about 50 MPa and sintered at
1000°C for 24 h. The ultimate pellet was identified as a
single phase of LCO by X-ray diffraction patterns with
Cu-K,. LCO thinfilmswere deposited on Si substrate with a
typical size of 20x 20 mm at various temperature using a
frequency tripled Nd:YAG Laser (Quantel, Brilliant I1) with
5-ns of pulse width. The laser pulses of 10 Hz were focused
onto the rotating target using a quartz lens with 35 cm focal
length at a45° oblique incidence, and the energy density was
approximately 2 Jom?. A substrate was set at a distance of
70 mm pardld from the target surface. The grown filmswere
subsequently post-annealed in oxygen ambient at various
temperatures. The deposited L CO thin films are reddish and
have atypical room-temperature two-point contacting resis-
tance of the order of M, indicating a semiconductor. The
structural and phase identification was carried out using an
X-ray diffractometer (MacScience Co. MXP-3V) with Cu-
K radiation. Cross-sectional and plane views were obtained
using a scanning electron microscope (SEM) (Hitachi Co. S
4200).

Results and Discussion

Figure 1 shows the XRD spectra of LCO thin films de-
posited on Si wafer at various growing temperature under
oxygen ambient of 26 mTorr for 1 hour. The Si wafers were
etched with 5% HF solution for 5 min to remove natural
oxide layer before the deposition of LCO. There are three
pesks located at about 26 = 28.6, 31.2 and 33.0°, respec-
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Figurel. 820 XRD scan of as-deposited LaCuOs thin filmson Si
substrate with variation of growing temperature.

tively. The most intense peak at about 31.2° corresponds to
(113) reflection of LCO, while peak at about 33.0° is
identified to forbidden S (002) diffraction, and is used for
calibration of other XRD peaks. XRD spectra show that as-
deposited LCO thin films have the predominantly prefer-
entia orientation of (113) direction on the S substrate. It is
consistent with the result of Wang et al. that the preparation
of c-axis oriented L CO thin film is difficult since the diffrac-
tion-reflection from (00I) planes are always accompanied by
other reflections such as (113) and (200).2 As deposition
temperature increases, the intensity of (113) peak increases
and its width becomes narrower up to 700°C of deposition
temperature. With further increase in the deposition temper-
aure to 800°C, the intensity of (113) peak decreases
somewhat with the broadening of width. The XRD peak at
260 = 28.6° is not matched with any peak of the LCO phase
and corresponds to (101) peak of LaOs phase. It is inter-
preted that the secondary phase of LaOs results in copper
deficiency on film formation. In the PLD process, a little
difference of composition between thin film and target can
be caused by the callisional loss during flight from target to
substrate and evaporation of volatile component on the
substrate before crystallization. Because of the high vapor
pressure of Cu, Cu ablated from the target surface by laser
pulse can easily evaporate on the substrate with a high
temperature before the formation of the LCO phase. The
relative ratio of (101) peak of LaxOs to (113) peak of LCO
increases as the deposition temperature increases. The RBS
spectra of Figure 2 show that the relative ratio of Lato Cu
signal of the thin film deposited at 700°C is higher than that
of the thin film deposited at 500°C athough the signals are
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Figure 2. Rutherford back scattering (RBS) spectra of as-deposited
LaCuO4 thin filmson Si substrate.

not calibrated to an absolute amount. This indicates the Cu
deficiency according to evaporation of Cu at the deposition
temperature of 700 °C, and is consistent with the formation
of secondary phase of L&0Os in XRD results. The appear-
ance of a secondary phase like LaOs; was reported by
Tsukada et al.® when La,CuO, was exposed to a decreased
oxygen partial pressure atmosphere. Since the removal of
oxygen destabilizes the crystal structure, reduction leads to
defects and these defects cannot be reversed by oxygen
annealing due to the evaporation of copper at a high temper-
ature.

Compared with the highly oriented thin films, polycrystal-
line films can be easily obtained because the LCO films
often fabricated were usually found to have other reflections,
(113), (200) etc. These films are expected to have different
behaviors as compared with c-axis oriented films regarding
the presence of non-c-axis oriented crystalinities.'® The post-
annealing step is usually carried out to improve the proper-
ties of as-deposited thin films such as crystalinity, grain size
and stoichiometry of the light component, etc. in the thin
film processes. To prevent the evaporation of copper, result-
ing in the formation of a secondary phase of LaOsin LCO
film, as-grown thin films were heated in the chamber under
oxygen ambient. Figure 3 shows the X-ray 6-26 diffraction
patterns for the post-annealed LCO thin films at various
temperatures under oxygen ambient of 1 Torr for 1 hr after
grown at 500°C. The post-annedled thin film at 500°C of
substrate temperature has two broad humps centered at
about 26.3° and 30.0° in an XRD diffraction pattern, which
represents that the degree of crystallization is poor because
of the low temperature of the substrate. According to Chou
et al."! these two humps correspond to (011) and (103)
peaks of Sphase of LCO which has CuOs; chains running
aong the a-axis of the orthorhombic structure, and the
intensities of these two humps decrease as the temperature
of post-annealing increases. However, the diffraction peaks
of (00I) with | = 2n of T-phase of LCO, which represent the
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Figure 3. #2608 XRD scan of post-annealed L&CuQ, thin films
after grown at 500°C on Si substrate.

c-axis orientation of thin film, appear to accompany with
(113) diffraction from the XRD pattern of the thin film post-
annedled a 600°C and are soldly present except the
diffraction of S (002) in the XRD pattern of the thin film
post-annedled a 800°C. The sole presence of (00l)
diffractions in the patterns suggests that the film consists of
entirely c-axis-oriented grains. Performing a least squares
refinement on each of these diffractions yields a value of
13.12 A for the lattice parameter. This is an excellent
agreement with the literature value of 13.149 A, obtained
from abulk prepared sample.

The structural change of LCO thin film of variation with
temperature during post-annealing is quite interesting. While
many studies have been reported for the film structure
according to the variation of substrate™ and doping content™®
in LCO, it is hard to find a study for the effect of the post-
annealing process in formation of the LCO thin film. Com-
paring with the bulk system of LCO, Chou et al.* reported
the S-phase of the oxygen-deficient structure of LCO hasthe
structural phase transition to T-phase in the temperature
range of 650°C-925°C by heating in an oxygen flow. This
supports the XRD spectra which show the mixed phase in
post-annealed thin films a 600°C and T-phase in that post-
annealed above 700°C.

Figure 4(a) and (b) present the cross section images of
LCO thin films post-annedled at 500°C and 700°C after
grown on Si substrate at 500°C, respectively. The thick-
nesses of deposited thin films are about 90 nm and the
deposition rate is estimated to 0.24 A/sec in this PLD
system. As shown in Figure 4, the boundary between the
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Figure 4. SEM images of cross section of post-annealed LaCuO4
thin films at 500°C (a) and 700°C (b).

thin film post-annealed a 500°C and S subdtrate is so
blurred that it cannot be definitely found. However, the thin
film post-annealed at 700°C shows the discrete boundary
with S substrate. It is well consistent with the degree of
crystallization of the thin films as depicted in Figure 3 of
XRD spectraof LCO thin films.

Itiswell known that the epitaxial thin film of LCO with c-
axis is difficult to grow on S substrate because its lattice
mismatch istoo large for LCO. Therefore, it has been report-
ed that the substrates such as LaAl Oz, SrTiOs, and SrLaAlOs
with asmall lattice mismatch have to be used to grow the c-
axisoriented thin film of LCO. Especially, to grow that on Si
substrate, an interest has developed in the use of buffer layer
with a thickness of a few nm’s on silicon to maintain an
epitaxia relationship. Zirconia stabilized with yttria is at
present the most widely used epitaxial buffer layer for S
substrate to grow the thin film of cuprate.*

In this study, the preparation of c-axis oriented thin film on
S substrate without any buffer layer is quite interesting. The
post-annealing is certain to play adecisive part for the struc-
tura reorganization of LCO thin film after growing. There
are two considerations to explain the formation of oriented
thin film. The first consideration is the kinetic aspect of the
film orientation to be determined in initial deposition of the
thin film. In the beginning of the deposition step, the struc-
ture of the first layer should reflect the atomic array of
substrate surface and it regressively affects the upper layer in
further growth of the thin film. Though theinitia orientation
is not preferred thermodynamically, its growing proceeds
until the strain due to | attice mismatch can betolerated. If the
intrinsic strain incurred during the growth is not so severe,
the thin film grows epitaxially on the substrate, and if not,
the dtress interrupts the epitaxia growth of thin film, result-
ing in polycrystaline structure with the random orientation.
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The second consideration is the thermodynamic aspect. This
involves transformation to a more stable structure with
lower Gibbs free energy if overcoming the energy barrier for
structural change. The energy barrier depends on the degree
of crystallization of the thin film. The higher the degree of
crystallization of thin film, the more energy is required for
transformation of the thin film structure. Though no thermo-
chemica data is available for the stabilization energy to
crystal arrangement of LCO thin film, it might be interpreted
that (00l) orientation is thermodynamicaly stable. As a
result, the deposited thin film at 500°C which depicts low
crystallization in XRD spectrum is suggested to lead the
high c-axis orientation by self-organization. It is also under-
stood that the phase trandition is interrupted by high
activation energy for a structural change, and by irreversible
deficiency of Cu for the highly crystalized thin film
deposited at a higher temperature. The formation of LCO
thin film with a thermodynamically controlled structure
seems to be not greatly affected by substrate type. This
suggests the capability of preparation of c-axisoriented LCO
thin films on the common oxide substrate such as SO, and
Al0O;3 to fabricate the Mott transition field effect transistor
(MTFET) devices, and further studies are required to
investigate the mechanism on the structural change of the
thin film and the effects on the oriented film formation
according to the variation of the substrate.

In summary, c-axis oriented thin films of LCO have been
successfully prepared on Si substrate, which is largely mis-
matched with LCO, by pulsed laser deposition. While as-
deposited thin films have the predominantly preferential
orientation of (113) direction with a secondary phase of
LaOs, the sole c-axis orientation with (00l) direction is
shown in the post annealed thin film at 700°C after being
grown at 500°C. It isinterpreted that the aligned structure of
CuO; layer isthermodynamically more stable and shows the
capability of preparation of c-axis oriented LCO thin films
on the common oxide substrate such as SO, and Al;O3 to
fabricate the MTFET devices

Notes

Acknowledgments. This work was supported by the
Soongsil University Research Fund, Seoul R& BD program,
and the High-Risk High-Return Project of ETRI.

References

1. Bednorz, J. G; Muller, K. A. Z. Phys. B 1986, 64, 189.

2. Bendroz, J. G; Muller, K. A. Superconductivity; Springer Berlag:
Berlin, 1990.

3. Mott, N. Metal-insulator Transitions; Taylor & Francis: London,
1990.

4, Kim, H.-T.; Chae, B.-G; Youn, D.-H.; Maeng, S--L.; Kim, H.;
Kang, K.-Y.; Lim, Y. S. New J. Phys. 2004, 6, 52.

5. (8 Lee, K. H.; Hoffmann, R. J. Phys. Chem. A 2006, 110, 609.
(b) Takahas, K.; Okai, B.; Kosuge, M.; Otha, M. Jpn. J. Appl.
Phys. 1988, 27, L1374. (c) Jorgensen, J. D.; Dabrowski, B.;
Pei, S.; Hinks, D. G; Soderholm, L.; Morosin, B.; Schirber,
J. E;; Venturini, E. L.; Ginley, D. S. Phys. Rew. B 1988, 38,
11337.

6. (8 Kim, C.-S;; Jeong, H.-D. Bull. Korean Chem. Soc. 2007, 28,
2333. (b) Park, Y. R.; Nam, E.; Boo, J-H.; Jung, S. J;; Kim, Y. S.
Bull. Korean Chem. Soc. 2007, 28, 2396.

7. Tsukada, A.; Greibe, T.; Naito, M. Phys. Rew. B 2002, 66, 184515
and reference therein.

8. Wang, C. C.; Cui, M. L.; Zheng, X.; Zhu, J. Appl. Phys. A 2004,
78, 1193.

9. Tsukada, A.; Krockenberger, Y.; Noda, M.; Yamamoto, H.; Manske,
D.; Alff, L.; Naito, M. Solid Sate Communications 2005, 133,
427.

10. (8 Wang, C. C.; Chen, J; Wang, H.; Zhu, J. Supercond. <ci.
Technol. 2004, 17, 1046. (b) Kaut, D.; Jesudasan, Raychaudhuri,
J. Solid Sate Communi cations 2005, 136, 369.

11. Chou, F. C.; Cho, J. H.; Miller, L. L.; Johnston, D. C. Phys. Rew. B
1990, 42, 6172.

12. Daridon, A.; Siegenthaler, H.; Arrouy, F; Williams, E. J;
Machler, E.; Locquet, J.-P. J. Alloy Comp. 1997, 251, 118.

13. (a) Arrouy, F.; Locquet, J.-P; Williams, E. J.; Machler, E.; Berger,
R.; Gerber, C.; Monroux, C.; Grenier, J-C.; Wattiaux, A. Phys.
Rew. B 1966, 54, 7512. (b) Sato, H.; Naito, M.; Yamamoto, H.
Physica C 1997, 280, 178. (c) Luo, P. S;; Dong, X. L.; Zhao, B.
R.; Zhao, Z. X.; Gao, M.; Peng, L.-M.; Dong, Z. F; Ni, Y. M,;
Wu, F; Zhao, L. H. Physica C 2001, 350, 127.

14. Fork, D. K.; Fenner, D. B.; Barton, R. W. Appl. Phys. Lett. 1990,
57,1161




