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We fabricated epitaxial LaB6 (100) thin films on ultrasmooth sapphire (α-Al2O3 single crystal) 
(0001) substrate with epitaxial SrB6 buffer layer by laser molecular beam epitaxy. Reflection high-
energy electron diffraction and X-ray diffraction measurements indicate the heteroepitaxial structure 
of LaB6 (100)/SrBB6 (100)/sapphire (0001) with three domains of epitaxial relationship. The prepared 
films exhibit atomically stepwise surface morphology, similar to that for the substrate, with 0.2-nm-
high atomic steps and ~70-nm-wide terraces. LaB6 epitaxial thin films show metallic behavior, with 
almost constant resistivity (1.0 × 10  Ω cm) in the temperature range 10–300 K, while epitaxial 
SrB

−3

6 buffer thin films show semiconducting behavior, with a resistivity of 4.8 Ω cm at room tem-
perature. 
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1. Introduction 
Alkaline hexaborides, such as SrB6, CaB6, and BaB6, 

and rare earth hexaborides, such as LaB6, EuB6, and CeBB6, 
have attractive physical properties. Their structure is a 
CsCl-type simple cubic arrangement composed of B6 octa-
hedra and metal ions [1-4]. Interestingly, their electrical 
properties vary widely, from semiconducting [5] to super-
conducting [6], upon doping divalent or trivalent metallic 
ions into the crystal structure. 

LaB6 has a high melting temperature, excellent thermal 
stability, high hardness, and excellent chemical stability [1-
4,7-9]. It is often used in thermionic electron sources for 
transmission electron microscopy, scanning electron mi-
croscopy, and flat panel displays, for which it offers high 
brightness and long service life because of its extremely 
small work function (~2.4 eV), high current and voltage 
capability, and low vapor pressure at high temperature. Its 
electric conduction reportedly shows metallic properties 
[1,7,8]. 

Investigations into the properties of LaB6 have been 
conducted mostly on bulk samples [1-4,7-9]. The proper-
ties of LaB6 thin films have not been well explored. There 
have been a few attempts to prepare LaB6 nanowire by 
chemical vapor deposition [10] and LaB6 polycrystalline 
thin films by sputtering [11,12], e-beam evaporation [13], 
and pulsed laser deposition (PLD) [14-17]. However, there 
are few reports on fabrication of epitaxial LaB6 thin films 
[18], although heteroepitaxial growth of hexaboride thin 
films is of great interest for their applicability in thermoe-

lectric conversion materials [19] and high-performance 
electronic devices. 

We previously investigated low-temperature epitaxial 
growth of functional ceramic thin films of oxides [20-22], 
nitrides [23,24], and diamond [25] by PLD or laser mo-
lecular beam epitaxy (MBE) (that is, pulsed laser deposi-
tion in ultrahigh vacuum) on ultrasmooth sapphire (α-
Al2O3 single crystal) (0001) substrate. The smooth sub-
strate has 0.2-nm-high atomic steps and 60–80-nm-wide 
atomically flat terraces [26]. Laser MBE has been used 
extensively to grow epitaxial thin films of high-melting-
point ceramics at relatively low substrate temperatures [20-
25]. 

Recently, we fabricated highly (100)-oriented LaB6 po-
lycrystalline thin films and epitaxial SrB6 thin films on the 
ultrasmooth sapphire (0001) substrate by laser MBE [17]. 
In this study, we grew epitaxial LaB6 thin films on ultras-
mooth sapphire (0001) substrate with epitaxial SrB6 buffer 
layer by laser MBE and characterized the film’s morpho-
logical, crystallographic, and electrical properties. 

2. Experimental details 
Fabrication of SrB6 and LaB6 thin films was carried out 

by laser MBE (~10−7 Pa base pressure) on ultrasmooth 
sapphire (0001) substrate. The substrate was obtained by 
annealing commercially available mirror-polished α-Al2O3 
single crystal wafers at 1000 °C for 3 h in air [26]. The step 
height was uniformly ~0.2 nm, and the terrace width was 
60–80 nm. A pulsed KrF excimer laser (248 nm wave-
length, 20 ns pulse duration, 0.5 mm2 beam spot size) was 
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focused on a sintered ceramic target of SrB6 and LaB6 
(both 99.5% purity), with energy densities of 1.5 and 3.0 
J/cm2 and frequencies of 3 and 5 Hz, respectively. The dis-
tance between the substrate and the target was 5 cm. The 
ablated particles collided with the substrate heated at 
800 °C to form the films. The elapsed time of deposition 
for SrBB6 and LaB6B  was 30 and 60 min, respectively. 

Crystallinity and surface atomic structure during film 
deposition were characterized by in situ reflection high-
energy electron diffraction (RHEED). Crystallographic 
structure was characterized by ex situ X-ray diffraction 
(XRD; MXP-M18, Bruker AXS) using CuKα line (λ = 
0.1542 nm). The film surface morphology was observed in 
air by atomic force microscopy (AFM; SPI-3700, Seiko 
Instruments). The film surface work function ϕ was deter-
mined using a Kelvin probe (KP) in air. The film resistivity 
was measured by the conventional four-probe method in 
the temperature range 10–300 K. 

 

3. Results and discussion 
First, we examined the epitaxial growth of LaB6 films 

deposited directly on sapphire substrate. Fig. 1 shows the 
XRD pattern and RHEED image for a LaB6 thin film (30 
nm) on sapphire substrate without epitaxial SrB6 buffer 
layer. From the XRD pattern and the ring RHEED image, 
LaB6 thin film was not epitaxial, but the (100) highly ori-
ented polycrystalline film with the in-plane random con-
figuration. We found that the lattice mismatch (12.7%) 
between sapphire and LaB6 is very large to carry out suc-
cessful epitaxial growth of LaBB6 films on sapphire (0001) 
substrate. 

Next, we considered the possibilities of SrB6 buffer 
layer to reduce lattice mismatch between LaB6 and sap-
phire (0001), because the lattice mismatch between LaB6 
and SrB6 is just 0.9%. Fig. 2 shows the XRD pattern and 
RHEED image for a SrB6 thin film (15 nm) on sapphire 
substrate. The streaky RHEED image and evident in-plane 
anisotropy indicate epitaxial film growth. From the XRD 
pattern, SrB6 (100) and (300) peaks are observed, and the 
SrB6 (200) peak overlaps with the sapphire (0006) peak. 
The root-mean-square (RMS) roughness of the film on the 
substrate is 0.10 nm. The film exhibits atomically stepwise 
surface morphology, similar to that for the substrate, with 
0.2-nm-high atomic steps and ~70-nm-wide terraces. Thus, 
epitaxial SrB6 (100) thin films can be fabricated on ultras-
mooth sapphire substrate and are suitable for use as a buf-
fer layer. 

To determine the influence of an ultrathin epitaxial SrB6 
buffer layer, we grew LaB6 thin films on ultrasmooth sap-
phire substrate, with and without epitaxial SrB6 buffer layer, 
under the same conditions. Fig. 3 shows the XRD pattern 
and RHEED image for a LaB6 thin film (30 nm) on sap-
phire substrate with epitaxial SrB6 buffer layer (5 nm). The 
RHEED image is streaky, and the image intensity and pat-
tern change with incident beam direction. The streaky im-
age and evident in-plane anisotropy indicate epitaxial film 
growth. From the XRD pattern, LaB6 (100) and (200) 
planes are observed. Although slight reflection peak of 
LaB6 (111) was observed, it was found that LaB6 thin films 
with single phase were grown preferentially compared to 
the growth without SrBB6 buffer, as shown in insets of the 

Fig. 3. Thus, epitaxial LaB6 (100) thin films can be fabri-
cated on ultrasmooth sapphire substrate with epitaxial SrB6 
buffer layer, and the buffer layer promotes epitaxial growth 
of the films.  
 

 
 

 
 

Fig. 1 XRD pattern of LaB6 thin film on sapphire substrate 
without SrB6 buffer layer. Inset: RHEED image viewed along 
the sapphire [10-10] axis. 

 
 

 
 

Fig. 2 XRD pattern of SrB6 thin film on sapphire substrate. 
Inset: RHEED image viewed along the sapphire [10-10] axis. 

 
 

 

Fig. 3 XRD pattern of LaB6 thin film on sapphire substrate 
with SrB6 buffer layer. Insets: magnified (×35) view of XRD 
pattern in the 2 theta range 25-40 deg. and RHEED image 
viewed along the sapphire [10-10] axis. 
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We investigated the crystal structure and in-plane orien-

tation of the obtained LaB6 epitaxial thin film by rotary ϕ-
scan XRD using a four-circle X-ray diffractometer. Fig. 4 
shows the azimuthal ϕ-scan XRD result for LaB6 (101) 
peaks. Peaks (circle, triangle, square) are observed at every 
60° phi rotation. Small peaks (dotted circle, dotted triangle, 
dotted square) are similarly observed. For a simple cubic 
LaB6/SrB6 layer grown on sapphire substrate, the small 
peaks will be more clearer, indicating that the LaB6 thin 
film and SrB6 buffer layer grow as a tetragonal-like cubic, 
not simple cubic, structure since the in-plane lattice misfit 
over the two materials (SrB6 and sapphire) is −11.9 and 
1.8% in the [1-100] and [11-20] directions, respectively, of 
sapphire. 

Thus, three domains of LaB B6/SrB6 layer on sapphire 
substrate were grown with in-plane two-folded symmetry. 
The critical thickness between SrB6 and sapphire was esti-
mated theoretically by the People–Bean formula [27] 
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where hc is the critical thickness, ν is the Poisson ratio, b is 
the slip distance, aepi is the lattice constant for the SrB6 
epitaxial layer, and f is the lattice mismatch between SrB6 
and sapphire. The critical thickness (~40 nm) in the [11-20] 
direction of sapphire can be calculated, while that in the [1-
100] direction cannot since the misfit is too large. This 
implies that strain relaxation begins immediately after film 
deposition in the [1-100] direction of sapphire; in contrast, 
it will not begins until 40 nm film thickness in the [11-20] 
direction of sapphire [28]. In fact, the crystalline films of 
the LaB6/SrB6/sapphire and SrBB6/sapphire systems turn 
from epitaxial to polycrystalline with increasing film 
thickness. XRD and RHEED measurements indicate the 
heteroepitaxial structure of LaB6B  (100)/SrB6 (100)/sapphire 
(0001) with three domains of epitaxial relationship: LaB6 
[001]//SrB6 [001]//sapphire [1-100], LaB6 [001]//SrB6 
[001]//sapphire [10-10], and LaB6 [001]//SrB6 
[001]//sapphire [01-10]. 
 
 

 
 

 

 
 

 
 

Fig. 5 AFM surface image of LaBB6 thin film on sapphire sub-
strate with SrB6 buffer layer. 

Fig. 5 shows the AFM surface image of the prepared 
LaB6 thin film on sapphire substrate with epitaxial SrBB6 
buffer layer. The average diameter of the observed grain-
like islands agrees well with that calculated by Sherrer’s 
equation (~20 nm). The film surface is atomically flat 
(RMS roughness 0.28 nm) and exhibits straight atomic 
steps derived from the surface of the substrate. 

From the earliest considerations of the electronic struc-
ture of metal hexaborides, it has been predicted that those 
formed from trivalent metals would be metallic electrical 
conductors and those formed from divalent metals would 
be semiconductors [7,29]. Fig. 6 shows the temperature 
dependence of resistivity for a SrB6 thin film on sapphire 
substrate; the inset shows a magnified view of the curve in 
the temperature range 250–300 K. The film shows semi-
conducting behavior, and the resistivity is about 5 Ω cm at 
room temperature. Two different regions of activated be-
havior can be identified [5]. Low-temperature and high-
temperature regions were fit independently to an activated 
form by the Arrhenius equation 
 

),/exp()( 0 TkET BΔ= ρρ  (2) 
 
where ΔE is the activation energy, ρ0 is the resistivity at 
large temperature T. The fit results are in excellent agree-
ment with a semiconducting model in which the high-
temperature fit gives a gap of ~38.2 meV and the low-
temperature fit gives a much smaller gap of ~0.5 meV. 
These gaps are about 10 times larger than for a single-
crystal bulk sample (5.8 meV in the high-temperature 
range and 0.09 meV in the low-temperature range) [5]. 

Fig. 7 shows the temperature dependence of resistivity 
for a LaB6 thin film on sapphire substrate with epitaxial 
SrB6 buffer layer. The film shows metallic behavior, and 
the resistivity is almost constant (1.0 × 10−3 Ω cm) in the 
temperature range 10–300 K. The room-temperature resis-
tivities for the epitaxial LaB6 and SrB6 films are about 100 
times larger than those reported for single-crystal bulk 
LaB6 and SrB6 [1,5]. 

In general, the difference in resistivity for bulk crystal 
and thin film is considered to be caused by various effects 
of impurity, deficiency, internal stress, and compositional 

Fig. 4 φ−scan XRD pattern of LaBB6 thin film on sapphire 
(0001) substrate with SrB6 (100) buffer layer. 
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nonstoichiometry that exist in thin films. For alkaline earth 
hexaborides such as SrBB6, the valence-band maximum and 
conduction-band minimum are sensitive to the intra B-
octahedron bond length; therefore, the band gap depends 
on the lattice parameter [30]. Thus, considering that the 
lattice parameter of the films (a0 = 0.4255 nm) is larger 
than that of bulk SrB6 (a0 = 0.4195 nm), resistivity is af-
fected by the lattice parameter. 

On the other hand, from the band calculation for LaB6, 
the Fermi surface consists of strongly hybridized orbitals 
formed by hybridization between boron sp orbitals and 
lanthanum d orbitals, so boron vacancies can seriously dis-
turb electron conduction paths [13]. To determine the influ-
ence of electron conduction paths, we calculated the mean 
free path of an electron carrier in our sample and compared 
it with that for the bulk sample reported previously [8,13]. 
The mean free path l of an electron carrier in our sample 
was estimated by Matthiessen’s rule [13] 
 

[ ] ,/)1...( )300( KTBulklrrrl =−= ρρ  (3) 
 
where [ρl]Bulk is the bulk value of ρl (2.1 × 10−11 Ω cm2 for 
LaB6 [8]), r.r.r. is the residual resistance ratio, and ρ(T = 300 K) 
is the bulk resistivity at 300 K (8.9 × 10−6 Ω cm for LaB6). 
Thus, the mean free path l for the film is about 0.8 nm, 
much smaller than that for the bulk material (~6.98 μm 
[8,13]). Since the grain size d (~20 nm) from the XRD and 
AFM results is larger than the mean free path l estimated 
for this sample, the effect of grain-boundary scattering on 
electron conduction is considered to be smaller than the 
effect of inter-grain scattering, including electron–electron, 
electron–phonon, and impurity/defect scattering. The rela-
tionship between electrical properties and composition in 
the thin film system is not clear at present and requires 
further investigation. 

When examining LaBB6 thin films with a view toward 
their application as cathode materials and electronic de-
vices, an important property is the work function φ. For 
reference, we measured φ for gold thin film, which is 
known to be good standard [31,32] and whose value we 
assumed to be 5.28 eV. From KP results, we estimated φ 
for bulk LaB6 and LaB6 thin film to be 4.53 and 4.54 eV, 
respectively. 
 

 
 

 

 
 

 
 

Fig. 7 Temperature dependence of resistivity for LaBB6 thin 
film on sapphire substrate with SrB6B  buffer layer. 

These values do not agree with the previous reported value 
for the (001) clean surface of single-crystal bulk LaB6 
(2.4–2.6 eV) [2,3]. Since our measurements were per-
formed in air, the surface of the sample should be covered 
with adsorbates such as oxygen and hydrogen, which may 
affect measurement. Further studies are thus necessary to 
determine the surface properties of hexaboride thin films. 

4. Conclusions 
We fabricated epitaxial LaB6 (100) thin films on ul-

trasmooth sapphire (α-Al2O3 single crystal) (0001) sub-
strate with epitaxial SrB6 buffer layer. RHEED and XRD 
measurements indicate the heteroepitaxial structure of 
LaB6 (100)/SrB6 (100)/sapphire (0001) with three domains 
of epitaxial relationship: LaB6 [001]//SrB6 [001]//sapphire 
[1-100], LaB6 [001]//SrB6 [001]//sapphire [10-10], and 
LaB6 [001]//SrBB6 [001]//sapphire [01-10]. The films exhibit 
atomically stepwise surface morphology, similar to that of 
the substrate, with 0.2-nm-high atomic steps and ~70-nm-
wide terraces. They are epitaxial in nature and show metal-
lic behavior, with almost constant resistivity (1.0 × 10  Ω 
cm) in the temperature range 10–300 K. In contrast, the 
epitaxial SrB

−3

6 thin films show semiconducting behavior, 
with a resistivity of 4.8 Ω cm at room temperature. 
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