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ABSTRACT

The crystal growth of lanthanum hexaboride (LaBg) thin films was examined by applying
the laser molecular beam epitaxy (laser MBE) process. C-axis (100) highly-oriented LaBg¢ thin
films could be fabricated on ultrasmooth sapphire (a-Al,O3 single crystal) (0001) substrates with
atomic steps of 0.2 nm in height and atomically flat terraces. The obtained film exhibited a
smooth surface with root mean square roughness of 0.15 nm. The lattice parameter of the LaBg
thin film was close to the bulk value reported previously. In the case of deposition on
commercial mirror-polished sapphire substrates, the grown film was amorphous. The resistivity
of the prepared crystalline LaBg thin films was as low as 2.2 x 10 Q cm and almost constant in
the temperature range of 10-300 K.

INTRODUCTION

Lanthanum hexaboride (LaBg) is characterized by a high melting temperature, excellent
thermal stability, high hardness, and excellent chemical stability [1-9]. It has already been
applied to practical use in thermionic electron sources for TEM, SEM, and flat panel displays,
which can offer high brightness and long service life because of the compound’s extremely small
work function (~2.4 eV), high current and voltage capability, and low vapor pressure at high
temperature. The crystal structure of LaBg is a simple cubic CsCl-type arrangement of Bg-
octahedra and metal ions [1-5], and the electric conduction of LaBe shows metallic properties [7].
In addition, the electrical properties of hexaborides including various metal ions show a wide
variation from semiconductor to superconductor [10], by doping divalent or trivalent ions into
the crystal structure [11, 12].

The investigations providing the results outlined above have mostly been conducted on
bulk samples of LaBg [1-9]; in contrast, the properties of LaBg thin films have not been well
explored. There have been reported a few attempts to prepare LaBg nanowire by chemical vapor
deposition (CVD) [13], and LaBg thin films by sputtering [14, 15], e-beam evaporation [16], and
pulsed laser deposition (PLD) [17-19]. However, there are no reports on fabrication of epitaxial
LaBg thin films. We have previously investigated low temperature epitaxial growth of functional
ceramic thin films of oxides [20-22] and nitrides [23, 24] by laser MBE (i.e., pulsed laser
deposition in ultra-high-vacuum) using ultrasmooth sapphire (a-Al,O3 single crystal) (0001)
substrates. These smooth substrates have atomic steps of 0.2 nm in height and atomically flat
terraces of 60—-80 nm in width [25]. Laser MBE has been intensively applied to the growth of



epitaxial thin films of high-melting-point ceramics at relatively low substrate temperatures. In
this paper, we examined the growth of LaBg thin films by laser MBE and characterized their
morphologic, crystallographic, and electrical properties.

EXPERIMENT

Fabrication of LaBg thin films was carried out using laser MBE (base pressure of ~10~
Pa) on ultrasmooth sapphire (0001) substrates as well as commercial mirror-polished sapphire
(0001) substrates. A pulsed KrF excimer laser of wavelength A = 248 nm and pulse duration s =
20 ns was focused on a sintered ceramic target of LaBg (99.5% purity) with energy density of 3.0
J/cm? and frequency of 5 Hz. The distance between the substrate and the target was 5 cm. The
ablated particles collide with the sapphire (0001) substrates heated at 800°C to form the film.
The ultrasmooth sapphire substrate was obtained by annealing the commercial mirror-polished a-
AlLOs3 single crystal wafer at 1000°C for 3 h in air [25]. The crystallographic characterization
was carried out by ex-situ X-ray diffraction (MXP-M18, Bruker AXS) using a CuKa-
characteristic X-ray (A = 0.1542 nm). The surface morphologies of the film were observed in air
by atomic force microscopy (AFM) (SPI-3700, Seiko Instruments). The resistivity of the
obtained film was measured by the conventional four-probe method in a temperature range of
10-300 K.

RESULTS AND DISCUSSION

Figure 1 shows the AFM surface image of the commercial mirror-polished sapphire
(0001) substrate (a), the AFM surface image of the ultrasmooth sapphire (0001) substrate (b),
and the cross-sectional profile (c) of Figure 1 (b). The step height is uniformly about 0.2 nm, and
the terrace width is 60—-80 nm, as shown in Figure 1 (c).
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Figure 1. The AFM surface image of the commercial mirror-polished sapphire (0001) substrate
(a), the AFM surface image of the ultrasmooth sapphire (0001) substrate (b), and the cross-
sectional profile (c) of Figure 1 (b).

Figure 2 shows AFM surface images of the LaBg thin films deposited on the commercial
mirror-polished sapphire substrate (a) and the ultrasmooth sapphire substrate (b). Compared with
the films grown on the commercial mirror-polished substrate, nanocrystals on the ultrasmooth



substrate seem to be grown along the atomic steps on the substrate. This anisotropic
crystallization may be enhanced by preferential trapping of film precursors at the kinks of the
step edge as well as migration of the adsorbed atoms along the atomic steps on the terrace
surface. As a result, nanocrystal grains are considered to be nucleated and grown along the
atomic steps, as shown in Figure 2 (b). In addition, root mean square (RMS) roughness of the
prepared thin film on the commercial and ultrasmooth sapphire substrate was 0.20 nm and 0.15
nm, respectively. The surface of the prepared thin film on the ultrasmooth sapphire substrate was
smoother than that of the film on the commercial mirror-polished substrate, reflecting the surface
morphology of the used substrate.
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Figure 2. AFM surface images of the prepared LaBg thin films on the commercial mirror-
polished sapphire substrate (a) and the ultrasmooth sapphire substrate (b).

Figure 3 shows the XRD patterns of the LaBg thin films deposited on the commercial
mirror-polished sapphire substrate (a) and the ultrasmooth sapphire substrate (b). C-axis (100)
highly-oriented crystalline LaBg thin films could be fabricated on the ultrasmooth sapphire
substrate as shown in Figure 3 (b). In contrast, the crystalline thin film could not be prepared on
the commercial mirror-polished sapphire substrate, indicating that the film deposited on the
mirror-polished substrate is amorphous. The lattice parameter a, of the prepared (100) highly-
oriented LaBg thin films was 0.4159 nm, which is close to the lattice parameter (ag = 0.4157 nm)
of bulk LaBg in the JCPDS data base. This suggests that the obtained (100) highly-oriented LaBg
thin films have a stoichiometric composition similar to that of the bulk LaBs.

The above results on AFM and XRD analyses show that the atomic scale surface
morphology of the substrate greatly affects the crystal growth behavior of boride thin films.
Figure 4 presents the schematic diagram of LaBg crystal growth on the ultrasmooth sapphire
substrate. It shows the effect of atomic steps and atomically flat terraces on the nucleation and
growth of the film. During the deposition, adsorbed film precursors of atoms, ions and clusters
migrate on the flat terrace, and then are preferentially trapped near the atomic steps, where a
number of active and unstable dangling bonds exist more densely than on the atomically flat
terraces. As a result, the growth behavior of LaBg nanocrystals has a possibility of in-plane
crystal alignment or anisotropic crystallization concerning with the atomic steps. On the other
hand, as the films tend to grow with a surface energy as low as possible, the (100) highly-
oriented growth of the LaBg thin films in this study well reflects the order of estimated surface
energy for each plane, such as (100) < (110) < (111) plane [14, 15].
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Figure 3. XRD patterns of the LaBg thin films deposited on the commercial mirror-polished
sapphire substrate (a) and the ultrasmooth sapphire substrate (b).
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Figure 4. The schematic diagram of LaBg crystal growth on the ultrasmooth sapphire substrate.

Figure 5 indicates the resistivity—temperature curve of the LaBg thin film prepared on the
ultrasmooth sapphire substrate. The electrical property of the prepared (100) highly-oriented
LaBg¢ thin films shows a metallic behavior, and the resistivity is almost constant (2.2 X 1074 Q
cm) in the temperature range of 10-300 K. In contrast, the resistivity of the amorphous LaBg thin
films grown on the mirror-polished sapphire substrate was about 6.0 x 10™ Q cm at room
temperature. The room-temperature resistivity of the (100) highly-oriented LaBg thin films is
about 20 times larger than that of the single crystalline LaBg as reported previously. In general,
the difference of the resistivity between bulk and thin film is considered to be caused by the
effect of impurity, deficiency, internal stress, and compositional unstoichiometry that exist in the
thin film system. Considering the lattice parameter close to that of the bulk, impurities such as
oxygen or other metal ions, or crystallographic deficiency seems to increase the resistivity of the
film. The mean free path / of an electron carrier in our sample can be estimated using
Matthiessen’s rule as follows [16]:

= (rr.r.=D)pl]p, ! p(T =300K), (1)



where [pl] . 1s the bulk value of pl (2.1 x 107" Q cm? for LaBg¢ [7]), r.r.r. is the residual
resistance ratio, and p(T = 300 K) is the bulk resistivity at 300 K (8.9 x 107° Q cm for LaBy),
respectively. Thus, the mean free path / of the film is about 1.1 nm, i.e., much smaller than that
of the bulk material (~6.98 um [7, 16]). The grain size of the LaBg thin film is estimated to be
about 25 nm from calculation using Sherrer’s equation in XRD peaks. This value corresponds
well with the grain size in the AFM image as shown in Figure 2 (b). As the grain size d is larger
than the mean free path / estimated for this sample, the effect of grain-boundary scattering on
electron conduction is considered to be smaller than that of inter-grain scattering including
electron—electron, electron—phonon, and impurity/defect scattering.
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Figure 5. The resistivity-temperature curve of the LaBg thin film deposited on the ultrasmooth
sapphire substrate.

CONCLUSIONS

C-axis (100) highly-oriented crystalline LaBg thin films could be fabricated on the
ultrasmooth sapphire substrate with atomic steps of 0.2 nm in height and atomically flat terraces
using a laser MBE. In the case of deposition on the commercial mirror-polished sapphire
substrate, the grown film was amorphous. The (100) highly-oriented LaB¢ film exhibited a
smooth surface with RMS roughness of 0.15 nm. The lattice parameter of the LaBg thin films
was close to the bulk value reported previously. The growth behavior of LaBg nanocrystals has a
possibility of in-plane crystal alignment or anisotropic crystallization concerning with the atomic
steps. The resistivity of the prepared crystalline LaBg thin films was as low as 2.2 x 10~ Q cm
and almost constant in the temperature range of 10-300 K.
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