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ABSTRACT

More than ten kinds of oxide thin films and their heterostructure have been successfully fabricated on
SrTiO; (001) substrates by laser molecular beam epitaxy (laser MBE). Measurements of atomic force
microscopy (AFM), high-resolution transmission electron microscopy (HRTEM) and X-ray small-angle
reflectivity reveal that the surfaces and interfaces are atom-level-smooth. The unit cell layers and the lattice
structure are perfect. The electrical and optical properties of BaTiO;.x thin films and BaTiOs/SrTiOs
(BTO/STO) superlattices were examined. The all-perovskite oxide P-N junctions have been successfully
fabricated and the better I-V curves were observed.

1. INTRODUCTION

Oxide materials have attracted much attention because of their various properties :
insulating, ferroelectric, ferromagnetic, superconducting , semiconductive, and others. Since
the discovery of high Tc superconductors, enormous efforts have been devoted to the epitaxial
growth of oxide thin films. Various techniques have been applied to form oxide films. The
fabrication of artificial crystalline materials through layer-by-layer epitaxial growth with full
control over the composition and structure at the atomic level has become one of the most
exciting areas of research in condensed matter physics and materials sciences.

Laser molecular beam epitaxy (laser MBE) uses the both merits of pulsed laser
deposition and conventional MBE for depositing films, especially for high melting point
ceramics and multicomponent solids, controlled in atomic scale'™ Laser MBE has attracted
much on the interest in recent years as a promising new technology for opening a new field of
oxide-based electronics. The current status of this advanced laser processing technology is
presented with a focus on its significance for exploiting quantum structures and properties of
oxides. In this letter, we report the epitaxial growth and characterization of perovskite oxide
thin films. We have observed more than 1000 cycles of intensity oscillation during the
epitaxial growth of oxide thin films by a in-situ reflection high-energy electron diffraction
(RHEED). Measurements of atomic force microscopy (AFM) and high-resolution
transmission electron microscopy (HRTEM) reveal that the surfaces and interfaces of the
oxide films and superlattices are atomically smooth. The lattice structures of the films and
superlattices are perfect. The electrical and optical properties of BaTiO;.x thin films and
BaTiOs/SrTi0O; (BTO/STO) superlattices were examined.The all-perovskite oxide P-N
junctions have been successfully fabricated and better I-V curves were observed.

2. ATOMIC-SCALE CONTROLLED EPITAXIAL GROWTH

The computer-controlled laser MBE system we used is composed of four main parts: (1)
an ultra-high vacuum (UHV) epitaxial chamber with a background pressure 1.3x10® Pa
containing a four-target holder and a substrate holder, (2) a XeCl excimer laser with a
wavelength 308 nm, (3) composition scanning device of the laser beam and the target, and (4)
a RHEED system and charge coupled device (CCD) camera * The in situ RHEED and CCD
camera can provide us with useful information on the crystal structure and morphology of a
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growing film surface. The RHEED intensity oscillation enables us to control the exact number
of grown molecular layers.

Before deposition, the substrate was annealed at 630°C for 20-30 min under 1x10™* Pa 0,
to clean up the surface of the substrate. Then about 20 unit cells of homoepitaxial
SrTiO3(STO) were first grown on the substrate to improve the surface smoothness. We can
observe more than 1000 cycles of RHEED intensity oscillations during the epitaxial growth of
oxide thin films. Fig.1 shows a part of a RHEED intensity oscillation monitored on the
specular beam spot during the growth of a homoepitaxial STO film. Fig.2 shows the change
cf RHEED oscillation intensity during the growth of a STO/BTO superlattice with the
stacking combination of 10 unit cells/ 10 unit cells. We can always observe the fine streaky
ratterns and undamped RHEED intensity oscillation during the epitaxial growth. STO, BTO,
L aAlO;, SrVO;3, StMo0;, LaTiOs, ZrO,, MgO and others, more than ten kinds of oxide thin
f lms and their heterostructures have been successfully fabricated on STO(001) substrates by
the laser MBE.
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Fig.2 RHEED intensity oscillations of
the epitaxy of BTO(10 unit cells)y/STO(10

Fig.1 A part RHEED intensity oscillation of unit cells) superlattice

STO homoepitaxy (the oscillation cycle from 750
to 1050).

3. MICROSTRUCTURE AND MORPHOLOGY

3.1. BTO and STO Ultra-thin Films.

BTO and STO ultra thin films of 1 to 10 unit cell layers have been successfully
“abricated on STO (001) substrates by the laser MBE.> The surface morphologies of the BTO
andd STO ultra thin films were examined by atomic force microscopy (AFM) equipped in a
1JHV chamber. Fig.3 (a) shows a typical two-dimension (2D) AFM image of 3 unit cells
(12A4) BTO thin film on STO substrate, and Fig.3 (b) is the height profile along the diagonal
of the 2D image in Fig.3 (a). The root-mean-square (rms.) surface roughness is 0.55A in
] pmx 1 pm.

Fig.4 (a), (b) and (c) show the cross sectional HRTEM lattice images of 1, 2 and 3 unit
cell layers BTO thin films on STO substrates, respectively. The perfect unit cell layers and the
latt ce structure can be seen on the images. The BTO ultra thin films of unit cell layers have
high degree of c-axis-oriented epitaxial crystalline structure.

The BTO and STO ultra thin multilayers films were fabricated by the laser MBE. The
leyer thicknesses and the roughnesses of surfaces and interfaces were examined by X-ray
simall-angle reflectivity which is a powerful method to determine the layer thickness and
roughness of surface and interface.® Fig.5 (a) and (b) show the X-ray small-angle reflectivity
curves for sample A and sample B. The solid curves are theoretical curves to fit the
ex:perimental data. The calculated results of reflectivity show the layer thickness of BTO and
STO are (12+1) A and (8+1)A for sample A, (11+1)A and (12+1) A for sample B, respectively,
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which are in excellent agreement with the results obtained from RHEED intensity oscillation.
The roughness of the surfaces and interfaces of the two samples are about 23, indicating that
the BTO and STO layers have atom-level-smooth surfaces and interfaces.
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Fig.5 The X-ray small-angle reflectivity: () experimental data; (-) theoretical curve:
(a) sample A: STO(8A)/BTO(124)/STO; (b) sample B: 6x [BTO(12A)/STO(12A)]/STO

3.2. BTO/STO Superlattices.
A series of BTO/STO superlattices with various stacking periodicities were fabricated by

laser MBE. The thickness of each BTO or STO layer was varied in the range from 84 (2 unit
cells) to 200A (50 unit cells) and the total thickness of the superlattices were about 800A. The
surface morphology of the BTO/STO superlattices was examined by AFM. According to our
observations, the surface of the BTO/STO superlattices is atomically smooth and no particles
have been found. The root-mean-square surface roughness is 1.01A in an area of 20 pm x20
pum.

The microstructure of the BTO/STO superlattices has been investigated by HRTEM
(Philips CM200FEG). Fig.6 shows a typical cross-sectional HRTEM structural image of the
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top-most three layers of the BTO(80A)/STO(404) superlattice. As can be seen clearly, the
BTO and STO lattice structures perfectly match. The number of unit cells in the BTO and
STO layers are 20 and 10, respectively. The number of unit cells in the BTO and STO layers
{obtained from the HRTEM image) is in excellent agreement with that calculated from the
digitized by RHEED oscillation periods as recorded during the epitaxial growth. The
interfaces of BTO/STO are very clear and no interfacial reaction layer is observed in the
image, i.e., there is no obvious interdiffusion at the interface. The BTO/STO multilayers are
perfectly oriented and the epitaxial crystalline structure shows the orientation relations of
BTO (001)//STO(001) and BTO[100]//STO[100}.
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Fig.7 The optical transmittance spectra with
two incident angles of 0° and 70° for (a) BaTiO;,
(b) BaTi02_93, (C) BaTiOZ_Zs, (d) BaTi02b52 thin
films. The dotted lines indicate the positions of the
optical absorption peaks.

Fig.6 Cross-sectional HRTEM image of
BTO(80A)/STO(40A) Superlattice with a total
thickness of 840A.

4. OPTICAL AND ELECTRICAL PROPERTIES

4.1 Electrical and Optical Properties of BaTiO3;.x Thin Films

A series of BaTiO;., thin films were epitaxially grown on SrTiO; (/00) and MgO (100)
substrates by laser MBE under various oxygen pressures from 2x1072Pa to 2x10°Pa. The
films deposited on MgO were used for optical measurements, while those on SrTiOs for other
ones. The thickness of each film was 400nm.

The oxygen content in the deposited BaTiOs., thin films were analyzed by Rutherford
backscattering spectrometry (RBS) with an incident “He" (3.016MeV in energy) ion beam
which has been proven to be effective to detect oxygen. The results of RBS show x are 0, 0.07,
)18, and 0.48 for the oxygen pressures 2x10Pa, 2x10'3Pa, 2x10*Pa and 2x107Pa,
-espectively. The XRD measurements confirm that each of the deposited BaTiO;.x thin films

s c-axis oriented tetragonal single crystal. The results show that tetragonal perovskite
stracture can be maintained even in the strongly reduced BaTiO; 5 sample, which may be due
-0 “he stabilization of the tetragonality by the large misfit strain in BaTiOs., thin films.

The resistivity (p) of the BaTiOs« thin films at room temperature was measured by van
der Pauw method. The resistivity p are 1.3x10" Qem, 1.2x107 Qem, 1.7x10% Qem, and
6.0x107° Qcm for BaTiOs, BaTiO; 3, BaTiO, g, and BaTiO, s;, respectively. With decreasing
the oxygen pressure, the resistivity decreases. The variation of the resistivity is more than 15
crders of magnitude among the four BaTiO3 thin films. The BaTiOs., thin film changes from
¢n insulator to a conductor. The results clearly show that BaTiOs; can become highly
cor ductive with the conductivity being much higher than what has been known so far
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The optical transmittance of the four BaTiO; thin films were measured from 0.2um to
8um. To identify the optical absorption peak from the fringe patterns which are the
characteristics in the optical spectra of thin films, two transmittance spectra with different
incident angles (0° and 70°) were measured for each film. The position of the peaks originated
from interference will change with varying the incident angle, while those from optical
absorption will keep in same values. The optical spectra for the four BaTiOs 4 thin films are
shown in Figs.7(a) to 3(d). There isn’t any absorption in the stoichiometric BaTiO; film
(Fig.7(a)) besides the band edge absorption of BaTiO;. For the other three oxygen deficient
films, there appears a new absorption peak besides the band edge absorption. With decreasing
the oxygen pressure, the peak position shifts to longer wavelength (lower energy) while the
peak width becomes larger. It has been reported that optical absorption can be induced in
BaTiO;., by reduction®'’. However, the peak position reported are different from author to
author. Our results clearly show that the optical absorption associate with the oxygen content
and the electrical conduction. It could be reasonably assumed that the oxygen vacancies
induce a doping level in the band gap of BaTiO;, which makes the electrical conduction and
optical absorption appear in BaTiO;x. The more the oxygen deficiency, the nearer the doping
level to the Fermi level, and then the higher the electrical conductivity and the lower the
energy of the absorption peak position would be. Moreover, oxygen deficiency makes the
BaTiO;. lattice be distorted, which makes the energy band expanded. Therefore, the more the
oxygen deficiency, the wider the absorption peak would be."!

4.2 Enhancement of Second-Harmonic Generation in BTO/STO Superlattices

Second harmonic generation (SHG) of 1.064um incident beam was investigated on
BTO/STO superlattices prepared by laser molecular beam epitaxy. The incidence angle and
the polarization angle dependence of the SHG coefficients were measured. The SHG
coefficients were greatly enhanced by the superlattice structure with the maximum value of
d33=156&5pm/V being more than one order of magnitude larger than that of bulk BTO
crystal.””

6. AlI-PEROVSKITE OXIDE P-N JUNCTIONS

In today’s most advanced electronics research much attention is paid to the fabrication of
artificially designed structures to verify new device concepts based on quantum effects. A key
structure of the electronics devices is the P-N junction.

STO and BTO are perovskite metal-oxide insulator, which may be doped to yield n-type
or p-type semiconductors. Dopants include Nb or In substituted on the Ti sites. The STO and
BTO appear that n-type doping with Nb and p-type doping with In. The n-type SrTi; \NbyO3,
BaTi; NbyO; and p-type Sr;ngO;, BaTij4InyO; have been fabricated. The
SrT1;.NbyO3/SrTij4InO5, SrTi;.xNbO3/BaTi; 4In,Os3, SrTi;xNbyOs/La;4Sr,MnQO;
all-perovskite oxide P-N junctions have been successfully fabricated by the laser MBE. We
have observed better I-V curves. To the best of our knowledge, it is the first time to obtain the
all-perovskite oxide P-N junctions. Fig.8 (a) and (b) show the [-V curves of
SrTi()gIno. 1 03/ SrTio,gngo_o 1 03 and Lao_gsro,zMnO3/ SrTio_gngo‘m 03 P-N junctions,
respectively.

7. CONCLUSION

In summary, more than ten kinds of perovskite oxide thin films and ultra thin films have
been successfully fabricated on STO (001) substrates by laser MBE. The lattice structure is
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perfect and the surfaces and interfaces are atom-level-smooth of the oxide thin films. They

can be used for constructing artificially designed new layered lattice of oxides which may
exhibit unexpected new properties or phenomena. Thus, we can explore systematically new
materials and functionality in oxides. The atomic-scale controlled epitaxial growth of oxide
thin films will open a door for investigating the mechanism and application of oxide.
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