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Abstract
We present the crystal properties of beryllium oxide (BeO) films on Si (100), GaN (001), and
amorphous SiO2 substrates grown by atomic-layer deposition (ALD). Because of the strong
bonding interactions intrinsic to beryllium, BeO thin films have been grown in crystalline phases
regardless of the substrate type. Transmission electron microscopy revealed crystallized BeO
films with small interfacial layers. The epitaxial relationships and domain-matching
configurations were confirmed by crystal simulation. Using x-ray diffraction analyses, ALD BeO
films with thicknesses of 50 nm showed wurtzite (002) crystal phases for all substrates studied.
Raman spectroscopy confirmed that the crystallinity of the BeO film grown on GaN was superior
to that on Si and SiO2 substrates. Atomic force microscopy and water contact angle goniometry
measurements indicated that the BeO film grown on GaN in a planar mode was due to its low
film energy.
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1. Introduction

Beryllium, with atomic number 4, is an alkaline earth metal.
Because beryllium has two atomic shells, the electrons in the
outermost bands strongly interact with protons in the nucleus
and exhibit greater electronegativity (∼1.6) than other Group-
II elements (e.g., Mg=∼1.2). In addition, the 2s orbital,
which is the outermost band of Be, is an isotropic function
and exhibits less electron deflection than the p and d orbitals
[1–3]. Unlike the Group-II elements that form ionic bonds

during metal–oxide formation, beryllium oxide (BeO) is
formed with an equal ratio of covalent and ionic bonds due to
its large electronegativity and isotropic orbital function [4, 5].
Thus, BeO has a strong bonding force and hardly follows the
trade-off relationship between permittivity and bandgap pre-
sent in most high-κ materials [6, 7]. The permittivity increases
in proportion to the magnitude of electric polarization asso-
ciated with the ionic bond, although the bandgap increases
with covalent bond strength [8, 9]. At atmospheric pressure,
the wurtzite-crystal BeO has a permittivity of 6.9 and a
bandgap of 10.6 eV [10]. At high pressure (∼130 GPa), the
rock-salt-crystal BeO was reported to exhibit an extremely
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high permittivity (∼275) and a bandgap of 10.1 eV according
to ab initio calculations [11]. In addition, among well-known
oxide materials (e.g., Al2O3, MgO, SiO2, HfO2, ZrO2, etc.),
BeO exhibits the highest thermal conductivity
(∼330WmK−1) [12, 13]. Thermal conductivity tends to
increase as the number of free electrons increases and as the
number of soft phonons per unit cell decreases. BeO has a
small number of soft phonons owing to the strong bonding
between Be and O, which have similar atomic sizes [14, 15].

With such excellent thermal conductivity properties, BeO
was used as a structural material and synthesized using a
conventional sintering method [16, 17]. Electrical insulators
with large bandgap energies and high permittivity extend the
use of thin-film BeO to complementary metal–oxide semi-
conductor devices and power transistors. It is necessary to
develop a chemical vapor-deposition method suitable for
conventional semiconductor batch processing. Recently,
atomic-layer deposition (ALD) of BeO films reported the
permittivity and bandgap of the ALD BeO film to be 6.8–6.9
and 7.6–8.3 eV, respectively [18–20]. Along with these
properties, ALD BeO films, which tend to grow as crystalline
materials, can reduce the interfacial trap density and effective
oxide thickness when grown on semiconductors. In addition,
crystalline BeO can be used as virtual substrates, especially
for heteroepitaxy of wurtzite materials [21, 22]. ALD BeO
films show crystal phase growth, but detailed studies have not
been reported yet [23, 24]. This work investigated the crystal
properties of ALD BeO thin films grown on Si (cubic, c-),
GaN (wurtzite, w-), and SiO2 (amorphous, a-) substrates
using various techniques, including transmission electron
microscopy (TEM), x-ray diffraction (XRD) analysis, crys-
tallographic simulation, Raman spectroscopy, atomic force
microscopy (AFM), and water contact angle goniometry.

2. Experimental section

ALD parameters: BeO was deposited using an Atomic
Classic ALD, Loadlock Module, CN1; reaction chamber
temperature=250 °C; precursor sublimation
temperature=110 °C; Be pulse=3 s; H2O pulse=1 s; Be
purge=20 s; H2O purge=30 s; chamber
pressure=0.8 Torr; 200 cycles at 0.8 Å/cycle. TEM mea-
surements: TEM was carried out using a JEOL JEM-ARM
200F system. An electron beam was generated at 80–200 kV
at 50–2000 000× magnification and 0.1 nm resolution. A
focused ion beam (JIB-4601F) was used on electronically
transparent samples. XRD measurements: XRD analyses were
carried out using a Rigaku SmartLab system. The dif-
fractometers x-ray tube was operated at 20–60 kV and 60 mA
and data were obtained using CuKα x-rays. Scan axis: 2θ,
range: 20°–80°, step width: 0.02°, scan speed/duration:
1.0°min−1. Raman spectroscopy: All spectra were collected
using a Horiba-Lab Ram ARMIS Raman microscope equip-
ped with a 325 nm He–Cd laser, spectral range:
350–1000 cm−1, grating: 2400 g mm−1, and a motorized
stage.

3. Results and discussion

Figure 1 shows the high-resolution TEM (HR-TEM) and
crystal simulation results of BeO on Si. In the HR-TEM
micrographs, the crystallized BeO films were observed in a
wide range and found to grow in the (002) direction through
the interplanar spacing of BeO (2.16 Å). In the selected area
diffractions (bottom left), the BeO (002) was parallel to Si
(200) and BeO (1-20) was parallel to Si (−220). The simu-
lated atomic arrangements of BeO on Si in the in-plane and
out-of-plane directions are shown in figure 1(b). According to
the domain-matching epitaxy (DME) principle, the epitaxial
growth is achieved by the m-lattice constant of film matching
with the n-lattice constant of the substrate [25, 26]. It is found
that the 5 or 3 domains of BeO align with the 6 or 2 domains
of Si, respectively. The domain sizes in the lateral and vertical
direction were BeO(5):Si(6)=23.35 Å:22.98 Å and BeO(3):
Si(2)=8.10 Å:7.66 Å, respectively. Thus, a compressive
strain in the biaxial direction was applied to the BeO film. The
epitaxial relationships are determined as follows: w-BeO
[100] || c-Si [110] (in-plane), w-BeO [001] || c-Si [100] (out-
of-plane). Because this is not a perfect lattice match system,
there are misfit dislocations in the BeO film [26].

A higher quality of single-crystalline BeO film that was
epitaxially grown on a GaN (001) substrate and related HR-
TEM images are shown in figure 2(a). The d-spacing of the
BeO (002) was measured to be 2.19 Å. BeO was well mat-
ched with GaN as hexagon-on-hexagon without rotation,
confirming that the diffraction points of BeO (002) and (1-20)
were parallel to that of GaN (002) and(1-20). The in-plane
and out-of-plane atomic arrangements across the BeO-on-
GaN interface are shown in figure 2(b). According to the
DME principle, the domain sizes of BeO(7):GaN(6) in the
lateral and vertical direction were 32.69 Å:33.04 Å and
18.9 Å:19.14 Å, respectively. Therefore, the biaxial tensile
strains remained in the BeO film. The in-plane and out-of-
plane epitaxial relationships are w-BeO [100] || w-GaN [100]
and w-BeO [001] || w-GaN [001], respectively. In addition,
BeO on GaN is a DME system and has dislocations at the
interface.

To verify BeO crystallization on the amorphous sub-
strate, a SiO2 layer with a thickness of 1.5 μm was formed on
the Si (100) substrate by a wet oxidation process, and then the
BeO film was grown on SiO2 using the ALD process.
Figure 3(a) shows that highly crystallized BeO film grows on
SiO2 substrates and the d-spacing of 2.16 Å was close to the
w-BeO (002) value. This was also confirmed from the dif-
fraction patterns, in which BeO (002) clearly appears in the
growth direction. The in-plane and out-of-plane atomic
arrangements of the BeO/SiO2 are shown in figure 3(b). Even
if there is no lattice matching between amorphous SiO2 and
crystalline BeO, it is surprising that a crystalline BeO film
was grown. The crystalline BeO films grow independently on
the substrates because of the strong bonding of beryllium. The
out-of-plane epitaxial relationships are w-BeO [001] ||
a-SiO2.

XRD and Raman analyses were performed to further
investigate the crystallinity of films over the macroscopic
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region. The 2θ diffraction, as a function of BeO thickness,
was independently scanned for the Si, GaN, and SiO2 sub-
strates. Figure 4(a) indicates that the 50 nm thick BeO films
grown on all of substrates have a wurtzite (002) crystal
orientation at atmospheric pressure. Figure 4(b) shows the
Raman spectra of ALD BeO on multiple substrates excited by

a He–Cd laser with wavelength of 325 nm. The 325 nm laser
was preferred to scan the thin film layer to increase Raman
scattering. The BeO-on-GaN sample exhibits a distinct
Raman peak at E1 (TO)=∼753 cm−1. Therefore, we can see
that the crystallinity of ALD BeO on GaN is superior to that
of the other substrates, and that the reason is the same point-

Figure 1. (a) Cross-sectional HR-TEM and selective-area diffractions for ALD BeO on Si:Si, interface, and BeO regions. (b) Simulated
interface bonding configurations in-plane and out-of-plane of BeO on Si.
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group symmetry C6v [27]. These results are slightly different
from the literature reported as molecular beam epitaxy grown
BeO (762.6 cm−1) and ab initio calculation data
(753.4 cm−1), which appear to be due to the crystallinity of
the thin film BeO grown with ALD [28, 29].

As the crystallinity increases, an internal polarization
field within the oxide becomes uniform, and an external
counter polarization field is created that cancels the internal
polarization field. As a result, the surface energy decreases as
the surface charge density decreases. For this reason, crys-
tallinity is directly related to surface energy [30]. Figure 5(a)

Figure 2. (a) Cross sectional HR-TEM and selective-area diffractions Fourier diffractions for ALD BeO on GaN:GaN, interface, and BeO
region. (b) Simulated interatomic bonding of BeO on GaN in the plane-view and cross-sectional directions.
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shows the contact angle goniometry of ALD BeO thin films.
Among them, the BeO-on-GaN sample exhibits the highest
contact angle (which means the lowest surface energy of
BeO), due to its high crystallinity. The surface roughness of
ALD BeO films analyzed by AFM is summarized in
figure 5(b), and the relevant TEM images are presented in the
inset. The scanned area is 5×5 μm2. Si and SiO2 substrates

showed an initial surface roughness of less than 0.2 nm.
Whereas the roughness of the epi-GaN substrate is approxi-
mately 0.4 nm, owing to the complexity of the multilayered
structure, the BeO-on-GaN sample clearly shows the lowest
surface roughness and minimum increment after the ALD
BeO process. When the film energy exceeds the surface
energy of the substrate, the epitaxial growth mode changes

Figure 3. (a) Cross sectional HR-TEM and selective-area diffractions for ALD BeO on SiO2:SiO2, interface, and BeO region. (b) Simulated
interface bonding configurations in plane and out of plane of BeO on SiO2.
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from planar growth to island growth. Generally, the film
grown in island mode has a greater surface roughness than
that of planar mode [31]. Because of the BeO films were thin
(∼16 nm), the film energy of BeO was expected to be similar
to the surface energy of BeO. Thus, BeO on GaN can be
interpreted as having a planar growth mode due to its low film
energy.

4. Conclusion

In summary, we have studied the crystallinity of ALD BeO
films on c-Si (100), w-GaN (001), and a-SiO2 substrates.
Owing to the inherent bonding properties of beryllium, BeO
thin films tend to grow in crystal phase, regardless of the
substrate type. Above 50 nm, the crystal structure and orien-
tation of BeO films are wurtzite and (002), respectively. In
particular, the BeO-on-GaN sample exhibited planar growth
because of the same-point group and low film energy. Based
on our experimental results, we conclude that the crystalline
BeO films grown by ALD may be used as the following
functional materials: (1) a buffer layer for epitaxial growth of
GaN on Si (100), (2) a buried oxide for implementation of
GaN-on-insulator technology, (3) an epitaxial gate oxide with
low interface defect density for metal–oxide–semiconductor

transistors, and (4) a seed layer for epitaxy of some materials
on amorphous substrates such as quartz and flexible polymer.
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