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Thickness-induced metal–semiconductor
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Rare-earth hydrides have been extensively studied for their metal–insulator transition, high-temperature

superconductivity and high hydride ionic conduction. Hence, research on their thin films is of great interest

for exploring future-/next-generation device applications. In this study, (111)-oriented LaH2 epitaxial thin

films with varying thicknesses were grown for the first time via reactive rf magnetron sputtering. In the

thicker films, the out-of-plane and in-plane lattice spacings were almost similar to those of bulk LaH2. As

the thickness decreased, the out-of-plane lattice spacing increased significantly, probably due to lattice

strain, while the in-plane lattice spacing increased slightly. The thicker films exhibited metallic behavior

similar to bulk LaH2, whereas the thinner films were narrow band-gap semiconductors with a direct

transition, indicating a thickness-induced metal–semiconductor transition without altering the hydrogen

composition. These results suggest that strain engineering of rare-earth hydrides could enable the control

of their physical properties even under ambient conditions.

Introduction

Rare-earth hydrides have been widely studied for their
interesting physical properties, such as electrochromic
switchable mirrors and near-room-temperature
superconductivity under high pressure.1–5 High hydride ion
conduction in rare-earth hydrides has attracted much
attention for its electrochemical implications in battery
applications.6–8 Complex rare-earth hydrides are also
anticipated to serve as a platform for exploring novel physical
properties.9–11 Owing to these interesting properties, recent
studies have also focused on thin film growth to expand the
range of applications for various rare-earth hydrides.12–16

Fluorite-type LaH2, which consists of a face-centered-cubic
(fcc) La lattice with tetrahedral sites occupied by H atoms, is
known to possess a metallic band structure due to the 5d1

electron configuration of the divalent La ion.17 The metallic
ground state of LaH2 has been confirmed through specific
heat and magnetic susceptibility measurements at low

temperatures using polycrystalline bulk specimens.18,19

Regarding the electrical conduction of LaH2,
superconductivity has been reported in polycrystalline bulk
specimens, although clear experimental evidence, such as
zero resistance, has not been demonstrated. In addition,
recent theoretical calculations have predicted
superconductivity in LaH2 due to the rearrangement of H
atoms into the interstitial octahedral sites of the fcc La lattice
in fluorite-type LaH2.

20 Additionally, a LaH2 monolayer with a
hexagonal lattice has been predicted to be a direct
semiconductor.21 Therefore, it is of interest to evaluate the
intrinsic electrical conduction of LaH2 at low temperatures
using single crystalline specimens, such as epitaxial thin
films. However, LaH2 has so far been synthesized as
polycrystalline bulks and thin films by heating La metal with
a Pd capping layer in a hydrogen atmosphere1,2,15–17,19–25 or,
more recently, through a mechanochemical approach.26 In
addition, rare-earth hydrides, such as LaH2, are unstable in
air, making it difficult to synthesize single-phase specimens
free of impurities.9,18,21

Recently, rare-earth hydride thin films have been directly
grown using new approaches, such as pulsed laser deposition
or reactive sputtering, without the need for a Pd capping
layer.9 For example, single-phase YH2 epitaxial thin films
have been successfully synthesized by reactive rf magnetron
sputtering.11 By using an in situ grown capping layer, the
stability of the YH2 films in air has been improved, resulting
in higher electron mobility than polycrystalline bulk YH2.

11
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In this study, (111)-oriented LaH2 epitaxial thin films were
synthesized for the first time by reactive rf magnetron
sputtering with an in situ grown SiNx capping layer. The out-
of-plane lattice spacing increased significantly as the
thickness decreased, suggesting the presence of thickness-
dependent lattice strain. From electrical resistivity and
optical absorption spectroscopy, the thicker films exhibited
metallic behavior similar to bulk LaH2, while the thinner
films were semiconductors, a behavior not previously
reported for bulk LaH2. These results indicate a thickness-
induced metal–semiconductor transition, probably attributed
to lattice strain.

Experimental

LaH2 (111) epitaxial thin films with varying thicknesses (38–
121 nm) were grown on CaF2 (111) single crystal substrates
by reactive rf magnetron sputtering using an La metal target
at a substrate temperature of 300 °C in an Ar/H2 mixed gas
atmosphere with a pressure of 0.02 Torr (H2 concentration:
3.6%) and a typical deposition rate of 1.1 nm min−1.
Subsequently, SiNx (5 nm) thin films were grown in situ on
the LaH2 (111) epitaxial thin films as a capping layer by rf
magnetron sputtering using a SiNx target at room
temperature (∼25 °C) in the same gas pressure. The
thickness of the films was measured by X-ray reflectivity
measurement (D8 DISCOVER, Bruker AXS). The crystal
structure was evaluated by X-ray diffraction (XRD) using Cu
Kα radiation (D8 DISCOVER, Bruker AXS; SmartLab, Rigaku).
The chemical composition was evaluated using hydrogen
forward scattering spectrometry (HFS) and Rutherford
backscattering spectrometry (RBS), which were non-
destructive analysis methods that did not require removal of
the SiNx capping layer to prevent film degradation. The

surface morphology was observed using an atomic force
microscope (SPI4000, Hitachi High Technologies). Electrical
resistivity was evaluated using the van der Pauw method with
a physical property measurement system (PPMS, Quantum
Design). The absorption spectra were evaluated from the
transmittance and reflectance spectra at room temperature
(∼20 °C) using a Fourier transform infrared spectrometer
(FT/IR-6600, JASCO) and an ultraviolet-visible-near-infrared
spectrometer (V-770, JASCO).

Results and discussion

Fig. 1a shows the X-ray diffraction patterns of the thin films.
In all the thin films, only the 111 and 222 diffraction peaks
of LaH2 were observed, in addition to the diffraction peaks of
the CaF2 substrate, representing the single-phase nature of
LaH2 in the films. The full width at half maximum (FWHM)
of the diffraction peaks for the LaH2 epitaxial thin films
decreased as the film thickness increased (Fig. S1†). This
trend is reasonably explained using the Debye–Scherrer
equation, which represents the relationship between the
FWHM and the film thickness. No diffraction peak
corresponding to the SiNx phase was observed, indicating the
amorphous nature of the capping layer. Fig. 1b and c show
the depth profile of the chemical composition for the thin
films, including the SiNx capping layers and CaF2 substrates,
as measured by RBS and HFS. For the 39 nm-thick film
(Fig. 1b), Si and N were homogeneously distributed near the
surface up to a depth of 5 nm, corresponding to the SiNx

capping layer. From a depth of 5–40 nm, only La and H were
homogeneously distributed, with an atomic ratio of H/La of
2.15, corresponding to the LaH2 thin film. Above 40 nm, only
Ca and F signals were homogeneously distributed,
corresponding to the CaF2 substrate. This depth profile

Fig. 1 (a) 2θ–ω X-ray diffraction patterns of LaH2 epitaxial thin films with different film thicknesses. Depth profiles of the chemical composition of
the (b) 39- and (c) 122 nm-thick LaH2 films with SiNx capping layers grown on CaF2 substrates. The zero depth corresponds to the surface of the
SiNx capping layer.
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confirmed negligible atomic diffusion between the SiNx

capping layer, the LaH2 thin film, and the CaF2 substrate.
Similarly, the 122 nm-thick film showed negligible atomic
diffusion at each interface, with La and H homogeneously
distributed from 5–125 nm, maintaining an atomic ratio of
H/La of 2.18 (Fig. 1c). These results indicated that the chemical
composition of the thin films remained approximately the
same regardless of their thickness. It was noted that the H/La
ratio greater than 2 suggested the presence of excess H at the
interstitial octahedral sites in the fluorite-type LaH2. For LaH2

thin films, the root mean square roughness was approximately
1.0 nm (Fig. S2†), indicating good surface flatness
independent of thickness. Additionally, the crystal domain
size was found to be approximately 100 nm.

Fig. 2a–d show the reciprocal space mappings near the
311 diffraction of LaH2 thin films with different thicknesses.
For all the thin films, the LaH2 311 diffraction appeared as a
spot shape, representing the epitaxial growth of LaH2 thin
films with the in-plane orientation of LaH2[11−2]//CaF2[11−2].
As the thickness increased, the Qx and Qz values of the LaH2

311 diffraction peak decreased, indicating thickness-
dependent lattice strain.

Fig. 3 shows the relationship between the lattice spacings
of d111 and d11−2 for LaH2 epitaxial thin films with different
thicknesses. Both d111 and d11−2 were calculated from the
LaH2 311 diffraction peak in the reciprocal space mappings
(Fig. 2a–d), corresponding to the lattice spacings along the
out-of-plane and in-plane directions (see the inset of Fig. 3),
respectively. Both d111 and d11−2 were the shortest for the
123 nm-thick film. For thicknesses down to 55 nm, the d111
remained almost constant at around 0.326 nm, while the
d11−2 slightly increased. Both d111 and d11−2 for the 55-, 90-,
and 123 nm-thick films were similar to those of bulk
LaH2.15 and LaH2.18. However, the d111 of the 42 nm-thick
film significantly increased compared to the thicker films,

while the d11−2 remained similar to that of the thicker films.
These results indicated that the d111 was largely modulated
as a function of thickness compared to the d11−2. The large
elongation of d111, reproducibly observed for different thin
films (Fig. S3†), could be attributed to lattice strain,
probably due to the smallest thickness, since all these films
had almost the same chemical composition. From first-
principles calculations of the bulk modulus (77.5 GPa) and
Poisson's ratio (0.285) for LaH2,

27 the out-of-plane strain
was estimated to be approximately 1 GPa (Fig. S4†). Such
significant strain effects were achieved despite a relatively
large lattice mismatch of 3.7%, which could be a unique
characteristic of hydrides. The origin of the lattice strain
was unlikely to be simple epitaxial strain, as the lattice
mismatch between CaF2 and LaH2 was as large as 3.7%.
Moreover, it was unlikely that these strain effects were
caused by the heating or cooling processes during thin film
growth, since the thermal expansion coefficients of LaH2

and CaF2 were comparable.28,29 Thus, the origin of the
lattice strain could be domain matching epitaxy due to the
shared fluorite-type structure of LaH2 and CaF2.

30

Fig. 4a shows the temperature dependence of the
electrical resistivity for the LaH2 epitaxial thin films. The
121 nm-thick film showed the lowest electrical resistivity
with a metallic temperature dependence, i.e., positive dρ/dT,
consistent with the metallic ground state of LaH2. The
electrical resistivity at room temperature of the 121 nm-
thick film (600 μΩ cm) was higher than that of bulk LaH2

(30 μΩ cm).1 As the thickness decreased, the electrical
resistivity increased monotonically, and the 38 nm-thick
film exhibited a semiconducting temperature dependence,

Fig. 2 (a)–(d) Reciprocal space mappings near the 311 diffraction for
LaH2 epitaxial thin films with thicknesses of (a) 42, (b) 55, (c) 90, and
(d) 123 nm.

Fig. 3 Lattice spacings of (111) and (11−2) planes, denoted by d111 and
d11−2, respectively, for LaH2 epitaxial thin films with different
thicknesses. Gray circles and triangles denote the d111 and d11−2 of bulk
LaH2.15 and LaH2.18, respectively, which are calculated from the lattice
parameters of bulk LaH2 and LaH3 using Vegard's law.31,32 Gray crosses
denote the d111 and d11−2 of bulk LaH2 and LaH3.

31,32
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i.e., negative dρ/dT, while the 55 nm-thick film showed a
small hump around 230 K (Fig. S5†). Fig. 4b shows the
optical absorption spectra for the LaH2 epitaxial thin films.
The 123 nm-thick film showed no absorption edge,
indicating the metallic ground state. The absorption peak at
2.2 eV was also observed in a previous study, attributed to
interband absorption for La.33 However, the 42 nm-thick
film showed an absorption edge around 0.1 eV, consistent
with the semiconducting behavior observed in the electrical
resistivity of the 38- and 55 nm-thick films (Fig. 4(a)). The
Tauc plot of the absorption edge indicated a direct band
gap of 0.17 eV for the 42 nm-thick film (inset of Fig. 4b).
The absorption peaks at 0.20 eV and 0.29 eV could be
attributed to exciton absorptions, taking into account the
structurally similar tetrahedral coordination between the
fluorite-type LaH2 and zinc-blende-type semiconductors,
such as GaAs, which exhibit exciton absorption.34 These
results indicated a thickness-induced metal–semiconductor
transition. The metallic behavior in the thicker films was
consistent with bulk LaH2, while the semiconducting
behavior in the thinner films was observed in bulk LaH2.
Since the FWHM of the diffraction peaks did not largely
depend on film thickness, the effects of micro-strain, stress,
and dislocation density, which are often discussed in
polycrystalline thin films, appeared to be insignificant. In
addition, neither surface morphology nor composition
showed dependence on thickness, suggesting that the out-

of-plane lattice spacing influenced this metal–semiconductor
transition.

Conclusions

In summary, we successfully grew (111)-oriented LaH2

epitaxial thin films with varying thicknesses for the first
time using reactive rf magnetron sputtering. The LaH2

epitaxial thin films showed an increase in the out-of-plane
lattice spacing with decreasing thickness, suggesting the
presence of thickness-dependent lattice strain. From the
electrical resistivity and optical absorption spectra, the
thicker films exhibited metallic behavior similar to bulk
LaH2, while the thinner films behaved as direct band gap
semiconductors. These results indicated that the
modulation of out-of-plane lattice spacing via lattice strain
induced the metal–semiconductor transition in the LaH2

epitaxial thin films, suggesting the potential for developing
of novel physical properties in rare-earth hydrides through
strain engineering.
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