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A B S T R A C T   

The crystallographic structure of thin Ga2O3 layers grown by metal–organic vapour phase epitaxy on Al2O3 substrate was analyzed by Rutherford Backscattering 
Spectrometry/Channeling (RBS/C) angular yield scans performed around the c-axis of as-grown Ga2O3. The measured widths and minimum yields of the scan curves 
for the Ga and O component were compared to calculations based on the continuum steering potential model. The results obtained are consistent with a crystal 
structure containing oxygen atoms arranged in a 4H hexagonal closely packed lattice and Ga atoms preferentially occupying octahedral interstitial sites in the 4H 
cells - a structure closely related to the ε-Ga2O3 polymorph. After high-temperature annealing remarkable structural transformation is detected via significant 
changes in the RBS/C spectra. This effect is related to the hexagonal-monoclinic, i.e., ε-β phase transformation of Ga2O3. Spectroscopic ellipsometry spectra of as- 
grown and annealed samples can be best fitted using a vertically graded single-layer B-spline model. Significant differences in the dielectric functions were found, 
showing bandgap reduction for long term annealing. These features are related to the ε-β polymorphic transformation, variation of the preferred crystallographic 
orientation upon annealing, and differences in residual strain and defect structure determined by the annealing conditions.   

1. Introduction 

Due to its extra-wide bandgap (Eg > 4.5 eV) gallium oxide (Ga2O3) 
has become a favoured candidate for a number of applications [1], such 
as solar-blind detectors for the UV-C radiation range (wavelengths 
below 280 nm) and power electronics because of its high critical 
breakdown field, estimated to be higher than that of SiC and GaN [1]. 

Most scientific research has so far focused on monoclinic β-Ga2O3, as 
it is the thermodynamically stable polymorph. However, β-Ga2O3 ex
hibits anisotropic physical properties, and the single crystals are prone 
to cleavage thus leading to practical problems in device manufacturing. 
Accordingly, there is an increasing interest about other Ga2O3 poly
morphs, the less explored α, γ, δ, κ, and ε phases [2–4] as they generally 
possess a crystallographic structure with higher symmetry and lower 
anisotropy than the monoclinic β-phase. However, they are metastable 
and tend to convert to β-phase at elevated temperatures or at low growth 
rates (i.e., very low supersaturations) [5–8]. It is thus important to 
identify and describe different polymorphs as well as to follow 
temperature-induced phase transitions in Ga2O3 substrates and 

epilayers. The role of suitable experimental characterization techniques 
becomes increasingly important for such purposes. 

Besides X-ray diffraction [2,9], neutron diffraction [4], and trans
mission electron microscopy (TEM) [2,8,10], Rutherford Backscattering 
Spectrometry (RBS) in combination with channeling (RBS/C) have been 
applied for the analysis of atomic composition and crystalline quality as 
well as for the quantitative characterisation of the crystal structure of 
different semiconductors. By means of RBS/C, valuable structural in
formation can be extracted for elementary and multi-component mate
rials as a function of depth for epitaxial layers and substrates as well as 
for their interfacial matching properties accompanying epitaxial layer 
growth. In addition, RBS/C can provide information about the locali
zation of dopant atoms in crystalline materials. In this case, impurities 
occupying interstitial or substitutional lattice sites can be distinguished, 
e.g., localization analysis of Er dopants in Ga2O3 can be successfully 
performed and post implantation annealing-induced recrystallization of 
the Ga2O3 matrix can be observed [11–14]. In general, implantation- 
induced disorder formation in binary semiconductors can be followed 
separately in the different sublattices by RBS/C with optimal choice of 
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the probing ion beam and analyzing ion energy [15]. Moreover, multi
axial channeling experiments performed along different crystallo
graphic axes yield information on preferential ordering of implantation- 
induced lattice disorder due to the presence of uniaxial lattice strain 
[16]. As it was recently shown, interplay effects between disorder and 
strain in Ga2O3 provides an additional degree of freedom to modify the 
rate of the polymorphic transitions from the β-phase to other Ga2O3 
polymorphs [17]. To date, RBS/C analysis has been applied mainly to 
describe implantation induced disorder and its recovery after high 
temperature annealing [11–14] in β-Ga2O3 and less attention has been 
paid to detailed RBS/C angular scan measurements, which provides 
information on the critical angles of channeling in the Ga and O sub
lattices in different polymorphs of Ga2O3. 

The so-called ε-phase of Ga2O3 was first observed in β-contaminated 
precipitates [2], later neutron diffraction studies showed that it belongs 
to a hexagonal system with space group P63mc [4], with a ratio of 
octahedral/tetrahedral gallium atoms of 2.2:1 located between close- 
packed oxygen layers. A detailed investigation of the real crystal 
structure of ε-Ga2O3 revealed that the arrangement of Ga-hosting 
tetrahedra and octahedra is not random, and that ordering occurs at 
the nanoscopic scale [9,10]. The structure is made of a 4H hexagonal 
close-packed (HCP) oxygen sublattice with stacking sequence ABAC 
along the c-axis, while the Ga atoms occupy octahedral and tetrahedral 
sites forming two types of polyhedral layers parallel to the c-plane. The 
real microscopic structure is indeed orthorhombic with Pna21 space 
group symmetry, analogous to that of κ-Al2O3. Indeed, ε-Ga2O3 shows 
up as hexagonal (ε) or orthorhombic (κ), depending on the size of the 
ordered domains and resolution of the applied characterization probe. 
Actually, due to the very small size of the orthorhombic domains, they 
were clearly detectable only by electron diffraction experiments with 
high lateral resolution. This fact is at the basis of the ambiguity in the 
current literature nomenclature, which indifferently uses ε or κ for the 
same Ga2O3 polymorph. For epitaxy and device technology purposes 
ε-Ga2O3 can be regarded as a pseudo-hexagonal semiconductor, with the 
space group similar to that of GaN and AlN, which makes this material 
especially useful in the development of novel devices based on nitride/ 
oxide structures. 

In the following, we shall maintain the name ε but the reader must 
remember that the studied material is not genuinely hexagonal, but 
rather constituted of orthorhombic 120◦ rotational domains. This is 
justified as the applied experimental methods provide results averaged 
over numerous domains and highlight the long-range hexagonal 
symmetry. 

We performed detailed angular scan measurements with 2-MeV He+

RBS/C on as-grown ε-Ga2O3 thin layers epitaxially grown on α-Al2O3 
substrates. The width of the angular scan curves and the minimum 
backscattering yields were determined separately for the Ga and O 
sublattices. The obtained values were compared to those estimated from 
calculations based on the structure of an HCP oxygen lattice with Ga 
atoms distributed at tetrahedral and octahedral lattice sites between the 
oxygen sheets – i.e. the structure identified for ε-Ga2O3 [4,10]. Besides 
valuable information gained on as-grown ε-Ga2O3 and its annealing- 
induced phase transition, our RBS/C experiments may pave the way 
toward the lattice localization analysis of e.g. Er [11] or Sn [18] dopants 
to quantify the degree of substitutional lattice site occupation and 
electrical activation of dopants in Ga2O3 crystals. 

Spectroscopic ellipsometry (SE) has been frequently applied in the 
characterization of different Ga2O3 polymorphs. However, the investi
gated samples were prepared under different experimental conditions 
and the measured SE data have been evaluated based on various model 
assumptions [19–23]. In general, refractive indices and bandgaps re
ported for monoclinic and hexagonal Ga2O3 differ moderately and the 
ranges of the reported values for distinct polymorphs may overlap. E.g., 
for hexagonal and monoclinic phase Ga2O3 the reported bandgaps fall 
within 4.5–5 eV and 4.5–4.9 eV, while refractive indices were found to 
have values between 1.74 and 1.95 and 1.68–1.89, respectively [1,24]. 

To further elucidate possible peculiarities of the polymorphs a practical 
approach follows the change of the optical properties upon phase tran
sition of the material for samples with well explored crystalline structure 
and nanoscale ordering properties. 

In this work, the optical properties of Ga2O3 layers – such as 
dielectric function, absorption edge - were determined from SE mea
surements before and after annealing. The crystalline ordering and 
nanoscopic structure of the samples have been previously described in 
detail by TEM and XRD analysis [5,9,10]. Also, additional information 
was extracted from RBS/C experiments as complementary character
ization technique reported in this paper. The annealing induced optical 
property changes revealed by SE, and their possible relation to phase 
transformation and structural changes will be discussed. 

Our approach, combining RBS/C and SE, provides the opportunity to 
shed light on the correlation between crystal symmetry, crystalline 
quality, interfacial, structural, and optical properties of as-grown and 
annealed ε-Ga2O3 layers, as a function of depth on the nanoscale. 

2. Experimental 

The epitaxial growth of thin Ga2O3 layers was performed using a 
MOVPE (metal–organic vapour phase epitaxy) stainless steel reactor. 
The epilayers were deposited on (0001) α-Al2O3 substrates at a tem
perature of 650 ◦C using trimethylgallium (TMG) and ultrapure water as 
precursors, while ultrapure H2 was used as carrier gas. The thickness of 
the thin film varied in the range of 250–350 nm. For annealing experi
ments, a set of specimens with the size of about 6 × 6 mm2 were cut from 
the Al2O3 substrates with deposited epilayers on top. The selected 
samples were cleaned with organic solvents and then placed within a 
tubular furnace with controlled inner atmosphere. The annealing was 
performed at 1000 ◦C in oxygen atmosphere in order to prevent layer 
decomposition. The annealing time was 2 h with cooling rate of 2 ◦C/ 
min, or 6 h with higher cooling rate of 7.5 ◦C/min [5] at the end of the 
heat treatment, in order to see the effect of the annealing parameters on 
the structural changes. Complete phase conversion from ε-Ga2O3 to the 
β-Ga2O3 phase occurred for both annealing times. More details on the 
growth and annealing processes are reported in Ref. [5]. 

The 2-MeV He+ RBS/C experiments were performed in a sample 
chamber connected to the 5-MV Van de Graaff accelerator operated at 
the Wigner Research Centre for Physics, Institute for Particle and Nu
clear Physics in Budapest. In the scattering chamber the vacuum was 
~10− 4 Pa. To reduce the hydrocarbon deposition, liquid N2 cooled traps 
were used along the beam path and around the wall of the chamber. The 
channeling experiments were carried out using a two-axis goniometer 
system capable of determining the target orientation with a precision of 
0.01◦ both in tilt and azimuthal dimensions. In the 2-MeV 4He+ RBS/C 
measurements, the He+ beam was collimated to dimensions of 0.4 × 0.4 
mm2, while the beam divergence was kept below 0.05◦. Low beam 
current of ~10 nA was used to reduce the damage created by the 
analyzing beam itself [25]. The beam current was measured by a 
transmission Faraday cup [26]. Backscattered He+ ions were detected 
using an ORTEC surface barrier detector mounted in Cornell geometry at 
a the scattering angle of 165◦. The energy resolution of the detection 
system was 15 keV. The measurement of the aligned spectra of as-grown 
Ga2O3 was carried out using a He+ ion beam oriented precisely parallel 
to the 〈0001〉 axis of Ga2O3 after a refined tilt angle scan procedure with 
the minimalization of the backscattering yield from the near surface 
region of the sample. Random spectra were recorded while the sample 
was continuously rotating around the sample normal tilted off by 15◦

from the analyzing ion beam to avoid both axial and planar channeling 
of the helium projectiles. To avoid ion beam-induced charging [27] and 
the build-up of a surface electric potential on the poorly conducting 
Ga2O3/Al2O3 samples, an electron flood gun source was applied during 
the RBS/C measurements. Experimental RBS spectra were evaluated by 
the RBX code [28]. 

The layer thicknesses and the dielectric functions were measured by 
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a Woollam M-2000DI spectroscopic ellipsometer at the angles of inci
dence of 55◦, 65◦ and 75◦. Spectra of Ψ = tan-1(|rp/rs|) and Δ = arg(rp/ 
rs) were measured, where rp and rs are the complex reflection co
efficients of light polarized parallel and perpendicular to the plane of 
incidence, respectively. The structure of the sample was described by an 
optical model that consists of an Al2O3 substrate and a graded layer, in 
which the dielectric function of the materials is described by B-splines 
with a node distance of 0.4 eV. 

The results of previous TEM analysis [10], performed on a thinned 
specimen prepared from the as-grown sample were used in the inter
pretation of the RBS/C and SE measurements. Crystal cell parameters 
derived from XRD [9] and TEM [10] were taken into account for 
calculation of RBS/C angular yield scan parameters - critical angle for 
channeling, minimum yield - for the different model structures of the 
Ga2O3 layer and for the Al2O3 substrate. Also, micro- and nanostructural 
information provided by TEM and XRD was considered in the evaluation 
of in-depth structural and optical property changes observed by RBS/C 
and SE before and after annealing. 

3. Results and discussion 

3.1. RBS/C measurements on as-grown Ga2O3 

RBS analysis in combination with channeling was performed on the 
as-grown Ga2O3 layer. First the sample was tilted to 7◦ and rotated in the 
azimuth angle range of 0◦-360◦, thus following the common procedure 
to find dips in the backscattering yield at certain azimuth angles [29] the 
minima of which corresponds to the planar channeling directions of the 
analyzing He+ ions along the equivalent crystallographic planes of the 
crystal. Nevertheless, in our sample we were unable to find such planar 
minima as only slight fluctuations have been detected in the RBS yield 
upon rotation of the sample. On the other hand, clear axial channeling 
effect was revealed in the vicinity of zero tilt angle, and it was possible to 
refine the axial channeling direction by varying the sample tilt angle in 
small steps. These findings are consistent with the 10–20 nm crystallo
graphic domains, rotated in-plane with respect to each other, already 
observed by TEM. Such arrangement appears as a columnar structure 
with column axis perpendicular to the Ga2O3 sample surface [10]. The 
lack of in-plane long-range order on the lateral scale, as detected also by 
RBS/C, is due to the macroscopic ion beam size, being several orders of 
magnitude larger than the domain size of crystallites in the Ga2O3 layer. 
On the other hand, the nanoscopic crystallographic domains are highly 
oriented along the axis nearly perpendicular to the sample surface, i.e., 
the c-axis, as it can be concluded from the strong axial channeling effect 
and small minimum yield for Ga (see Figs. 1 and 2). 

Fig. 1(a) shows the random and best oriented RBS/C spectra of the 
as-grown sample. The spectral edges for the elements of Ga, O, and Al, 

originating either from the Ga2O3 layer or from the buried sapphire 
substrate, are indicated. For Ga, a sharp surface peak can be observed in 
the channeling spectrum (channel no. ~ 525), and the minimum yield 
(channel no. ~ 510) is about 5 %, being close to the value of a good 
quality single crystal. Our minimum yield is better than the value of ~ 
10 % presented for 〈-201〉 β-Ga2O3 in Ref. [11] and it is comparable to 
that observed for β-Ga2O3 prior to ion implantation in another work 
[12]. Besides the Ga component we can also estimate the oxygen yield 
right below the surface of Ga2O3 (channel no. ~ 200 for O) if the Al 
signal background originating from the sapphire substrate is appropri
ately subtracted. This way the Ga and O sublattices of Ga2O3 can be 
separately analysed in the RBS/C spectra. 

Solid lines in Fig. 1(a) show RBX [28] simulations for the random and 
channeled spectrum. For the oriented case, three parameters were used 
in RBX to reconstruct the measured data: the surface peak intensity, the 
minimum yield right below the surface peak and the gradient of the 
dechanneling background. These three parameters were independently 
optimized for the two components of the Ga2O3 layer and of the Al2O3 
substrate. As a note, in a previous work on ion implanted silicon carbide, 
RBS channeling spectra were successfully reconstructed by RBX simu
lations during the evaluation of disorder depth profiles in both the Si and 
C sublattices of 6H-SiC [15]. 

From the RBS spectra, element specific depth scales for each 
component of the different layers in the sample can be defined through 

Fig. 1. (a) Random and channeling 2 MeV He+ RBS/C spectra of the 〈0001〉-oriented ε-Ga2O3 layer epitaxially grown on an Al2O3 substrate. Spectrum edges for 
different elements in the thin layer and in the underlying substrate are indicated. Solid lines show RBX simulations. (b) Measured RBS spectra of the same layer 
structure as a function of tilt angle with respect to the sample normal. 

Fig. 2. 2 MeV He+ RBS/C angular scan curve for the Ga and O components 
measured around the 〈0001〉 axis of ε-Ga2O3. Critical angles for channeling 
(Ψ½) and minimum yields (χmin) are indicated. Angular yield data for Al in the 
underlying α-Al2O3 substrate are also shown for comparison. 
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an energy-to-depth conversion process. This procedure, for each 
element, gives zero depth (surface) positions on the energy scale (see the 
arrows in Fig. 1(a)) and in-depth scales along the energy scale, based on 
knowledge of the measurement geometry, the element specific kine
matic K-factors and ion stopping powers as well as real atomic densities 
in the different layers: for the present experimental case either the Ga2O3 
layer or the underlying Al2O3 substrate. More details on energy-to-depth 
conversion can be found, e.g. in Refs. [15] and [28]. 

At channel no. 455 in Fig. 1(a) there is a sharp increase in the Ga 
yield (red dots) indicating the presence of point defects, extended de
fects, and/or strain at the Ga2O3/Al2O3 interface. Furthermore, the 
presence of a different crystal lattice structure with slightly modified 
crystallographic orientation compared to the topmost Ga2O3 layer may 
also be responsible for the increased RBS yield. Detailed TEM analysis 
[10] revealed the presence of a thin γ-Ga2O3 intermediate layer at the 
Ga2O3/Al2O3 interface, which could well explain the results of RBS/C 
analysis. Actually, the RBX simulation under channeling conditions 
shows the presence of a thin intermediate layer at the interface, whose 
dechanneling contribution is nearly equivalent to that of a fully disor
dered layer with effective thickness of about 15 nm (see the solid line at 
channel no. 455 in Fig. 1(a)). This result is consistent with TEM obser
vations [10] revealing that the intermediate layer thickness varies in the 
range of 10–50 nm. Recently, the presence of an intermediate layer was 
confirmed also by other research groups [30,31]. 

Fig. 1(b) shows RBS/C spectra for the as-grown Ga2O3 layer on Al2O3 
substrate as a function of tilt angle with respect to the sample surface. As 
the tilt angle varies in steps of 0.1◦ from random toward channeling 
direction, significant yield drops can be observed in the whole spectrum 
energy range. 

Fig. 2 shows RBS/C angular scans, i.e., RBS yield vs. tilt angle with 
respect to the sample normal of the as-grown Ga2O3 layer, separately for 
the Ga and O sublattices. Significant differences appear both for the half 
width at half maximum (HWHM), that is, the critical angle for axial 
channeling, Ψ½, and for the minimum yield, χmin, of the Ga and O 
angular scan curves. Here χmin is the minimum of the angular yield 
normalized to the random yield, measured right under the surface of the 
crystal. For Ga and O, values of Ψ½ = 0.63◦ (±0.02◦) and Ψ½ = 0.38◦

(±0.03◦) can be revealed. The corresponding minimum yields are χmin 
~ 0.05 and χmin ~ 0.24, for Ga and O, respectively. In Fig. 2, the position 
of the minima, i.e., χmin in the angular scans appears at a sample tilt 
angle of ~ 0.78◦, revealing that this angular position corresponds to the 
〈0001〉 axial channel direction of the ε-Ga2O3 layer. 

In order to relate the measured Ψ½ values to the crystal structure of 
the Ga2O3 epilayer, we compared them to those estimated from a 
semiempirical continuum steering potential model for axial channeling 
[32] which is based on the following expression [16]:  

Ψ½ (deg) = 0.8 × FRS(ξ) × Ψ1                                                          (1) 

where  

Ψ1 (deg) = 0.0971 × [Z1〈Z2〉/(E0〈d〉)]1/2                                             (2) 

Here Ψ1 is the Lindhard critical angle for channeling, FRS(ξ) is the 
square-root of the Moliére string potential, where ξ = m〈u〉/aTF, and 〈u〉
and aTF are the root-mean-square (r.m.s.) thermal displacement and the 
Thomas-Fermi screening radius, respectively, while m = 1.2 is an uni
versal fitting parameter [16,32]. Z1 and 〈Z2〉 denote the atomic number 
of the projectile and the average atomic number of the host atoms on the 
axis of channeling, E0 (MeV) is the incident ion energy and 〈d〉 (nm) is 
the mean interatomic spacing along the axial channel direction. Ac
cording to the charge-state equilibrium of energetic ions passing 
through solid targets [33], the 2-MeV He projectiles are expected to be 
fully ionized with charge state of + 2. For fully ionized projectiles the 
Thomas-Fermi screening radius is aTF = 0.885a0/〈Z2〉

1/3 [32], where a0 
is the Bohr radius. In general, Eq. (1) gives the critical angle for axial 
channeling with sufficient accuracy for a wide range of target materials 

[32]. 
Previous experiments [4] have shown that the structure of ε-Ga2O3 

consists of gallium atoms distributed over three partially occupied sites, 
with an octahedral/tetrahedral (Oh/Td) ratio of 2.2:1, embedded in a 
close-packed hexagonal oxygen lattice of 4H-type. The cell parameters 
were found to be c = 9.255 Å and a = 2.906 Å [9], respectively. Fig. 3(a) 
shows schematics of the ABAC stacking sequence of the 4H hexagonal 
oxygen lattice together with Oh and Td interstitial site locations. Octa
hedral sites in the 4H cell form sheets with a stacking sequence of ccbb. 
These sheets are located in between the oxygen layers which follow the 
ABAC sequence. Tetrahedral sites in the body of the 4H cell form sheets 
with stacking sequence bbcc in between the oxygen layers. In addition, 
Td sites are also located along the six edges and along the centerline of 
the hexagonal cell, connecting oxygen atoms in adjacent A-sheets along 
the 〈0001〉 axis. Considering that the atoms located on cell surfaces and 
in cell apices are shared by adjacent cells, the 4H cell contains twelve 
oxygen atoms, twelve Oh sites and twenty-four Td sites. 

According to the Ga:O stoichiometry, in ε-Ga2O3 the Ga atoms 
occupy only a fraction of the interstitial sites. Considering such crystal 
structure one may estimate the composition of the atomic strings along 
the c-axis, i.e. the 〈0001〉 axial channel of ε-Ga2O3. As it can be deduced, 
different mixed atomic strings containing both Ga and O atoms appear 
with 〈Z2〉 and 〈d〉 determined by the Ga occupancy of the Oh and Td sites. 

Supposing that all Ga atoms occupy Oh sites and otherwise they are 
randomly distributed so that the average occupancy of Oh sites is 2/3, 
then the Ga atoms together with the O atoms in the B- and C- sheets (see 
Fig. 3(a)) form mixed Ga-O atomic rows with effective parameters 〈Z2〉 =

21 and 〈d〉 = 0.397 nm for the formation of continuum steering poten
tial. However, in this case oxygen atoms in the A-sheets (see Fig. 3(a)) 
form pure O-O strings with 〈Z2〉 = 6 and 〈d〉 = c/2 = 0.463 nm along the 
〈0001〉 axis. One may notice a large 〈Z2〉-contrast and a difference also in 
the average interatomic spacings between the two types of atomic rows. 
Such conditions can result in significantly different critical angles for 
channeling. 

On the other hand, when all Ga atoms are supposed to be located in 
Td sites and are otherwise randomly distributed, giving an average Td 
site occupancy of 1/3, then two types of mixed Ga-O atomic rows can be 
formed along the 〈0001〉 axis: one connecting the oxygen sheets A 
(hereinafter called A-rows), and - from the sense of RBS channeling - two 
identical ones which connect oxygen sheets B or C (hereinafter called B-, 
and C-rows). For the A-rows 〈Z2〉 = 17.3 and 〈d〉 = 0.278 nm while for 
the B- and C-rows 〈Z2〉 = 17.3 and 〈d〉 = 0.556 nm can be ascertained for 
the mixed Ga-O atomic strings. Note, for this kind of Ga atomic 
configuration, the two different types of atomic strings can be described 
with similar 〈Z2〉 values but largely different interatomic spacings. Such 
relations are also expected to result in distinct critical angles for 〈0001〉
axial channeling. 

Using the actual 〈Z2〉 and 〈d〉 values, and considering 〈u2〉Ga =

0.0044 Å2 and 〈u2〉O = 0.0091 Å2 for the thermal displacement of Ga and 
O atoms [4], the critical angles for channeling along the c-axis can be 
calculated according to Eq. (1) and Eq. (2), for both mixed Ga-O and 
monoatomic O-O strings, for the schematic crystal structures described 
above. The results of these calculations are summarized in Table 1. 
Uncertainties (ΔΨ½, when considered) for the calculated Ψ½ values are 
related to different r.m.s. thermal vibrational amplitudes for the Ga and 
O atoms thus giving rise to uncertainty in the Moliére string potential. 

As expected, the calculated critical angles show striking differences 
between the two types of atomic strings (A-rows and B-/C-rows) both for 
pure Oh and pure Td site occupation by Ga atoms. Nevertheless, an 
apparently better agreement can be found between calculated and 
experimental Ψ½ values for pure Oh interstitial site localization of Ga. 
Indeed, refined structure analysis has shown much higher Oh site oc
cupancy by Ga for the ε-Ga2O3 polymorph [4]. The structure associated 
with such an asymmetric Oh/Td site configuration is rather close to that 
of α-Ga2O3 in which the Ga atoms all occupy Oh sites [4], and to that of 
α-Al2O3 corundum [34,35]. 
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For comparison, the Ψ½ values calculated for a Oh/Td site occupation 
of 2.2:1 for Ga are also represented in Table 1. This structure has been 
identified as the ε-phase [4,10]. Note that in this case for A-rows 〈Z2〉 =

12.2 and 〈d〉 = 0.385 nm while for B/C-rows 〈Z2〉 = 20 and 〈d〉 = 0.44 
nm can be considered. For this atomic configuration the agreement of 
Ψ½ with experimental values is somewhat weaker than for pure Oh site 
occupancy but is still much better when compared to the case of pure Td 
site localization of Ga (see the tentative structure with lacking poly
morph identification in Table 1). 

From the above considerations it can be concluded that for Ga atoms 
the angular yield for dechanneled He projectiles travelling through the 
c-axis may be governed by the B- and C-rows in the 4H lattice of ε-Ga2O3. 
These atomic rows altogether contain more Ga atoms and possess higher 
Ψ½ critical angles compared to the A-rows, according to the semi
empirical model calculations above. On the other hand, for oxygen 
atoms, the angular yield given by the dechanneled He fraction can be 
controlled by the A-rows which can be described by a lower average 
atomic number and a smaller Ψ½ value in the 4H oxygen lattice structure 
when compared to the B- and C-rows. 

Note that, from a structural point of view, certain features of the 
investigated Ga2O3 layer may affect our experimental results. TEM 
analysis revealed the presence of defects in the as-grown crystalline thin 
layer, i.e., twin boundaries and anti-phase boundaries were readily 
identified [10]. Such imperfections introduce local structural deviations 
which can cause perturbation to the channeling effect to certain degree. 

It is also worth noting that, in agreement with its non
centrosymmetric Pna21 space group, the positive and negative charges 
barycenters in ε-Ga2O3 do not coincide, giving rise to uncompensated 
electrical dipoles. This feature is also reflected by the out of plane dis
tances of ~ 0.1 Å (comparable with thermal displacements) of the Ga 
atoms with respect to the mean oxygen layers, adjacent along the c-axis, 
as determined by TEM [10]. The presence of such cationic displacements 
confirms the recently unveiled ferroelectric nature of the compound [9]. 
Nevertheless, the 〈0001〉 RBS/C angular yields are expected to be 
scarcely affected by the small out-of-plane cationic displacements along 
the c-axis, instead angular scans performed with low energy ions along 
another main crystallographic axes which are tilted off from the 〈0001〉
direction may be noticeably influenced. This is because Ψ½ is closely 
associated with the mean lattice displacement distance measured 
perpendicular to the corresponding axis, and so its value reflects the 
degree of lattice distortions in the corresponding crystallographic plane 
[16]. Note that, in our case axial channeling by RBS can only be ach
ieved along the c-axis, due to lack of long-range order in the c-plane of 
the ε-Ga2O3 epilayer, as mentioned above. 

The presence of A-, B-, and C-atomic rows in 〈0001〉 ε-Ga2O3 lead to a 
different situation as compared to, for example, wurtzite ZnO or 6H-SiC 
viewed along the c-axis. In those semiconductors Zn-O and Si-C mixed 
atomic rows are formed, but only one type of atomic strings can be 
identified due to the higher symmetry of the crystal structure. Along the 
mixed atomic rows of 〈0001〉-oriented ZnO (6H-SiC) the channeled ions 

Fig. 3. Schematic crystal structure of (a) a 4H hexagonal closely packed (HCP) oxygen lattice and (b) a face centered cubic (FCC) oxygen lattice, which are closely 
related to the structure of the (a) ε-Ga2O3 and (b) β-Ga2O3 polymorphs, respectively [4]. Oxygen atoms are marked by yellow dots while Ga atoms occupy octahedral 
(Oh) and tetrahedral (Td) interstitial sites (marked by open squares and triangles) in the oxygen sublattice with probabilities according to the Ga2O3 stoichiometry. 
The 〈0001〉 direction, i.e., c-axis for (a) and the 〈-201〉 axis for (b) are represented by arrows. For more details see the text. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Calculated critical angles for channeling (Ψ½) with their uncertainties (ΔΨ½) for 2-MeV He+ ions and for different polymorphs of Ga2O3 with various Ga occupancies of 
octahedral (Oh) and tetrahedral (Td) sites. Different types of atomic rows viewed along the axis of channeling are marked as A, B, and C-rows. Average interatomic 
spacings, (〈d 〉) and the type of composition of the atomic rows, mixed or monoatomic, are indicated. The panel with missing polymorph identification accounts for a 
tentative structure where all Ga atoms occupy tetrahedral interstitial sites in the 4H oxygen lattice. Experimental Ψ½ values measured separately for the Ga and O 
component are also given for comparison.  

Polymorph Oxygen lattice Axis Atomic row Row type Oh site Ga occupancy Td site Ga occupancy 〈d〉
(Å) 

Ψ½  

(deg.) 
ΔΨ½  

(deg.) 

ε 4H <0001> A mixed – 10%  3.85  0.46 ±0.02    
B/C mixed 45 % 10%  4.4  0.54 ±0.03 

α 4H <0001> A monoatomic (O) – 0%  4.63  0.34     
B/C mixed 67 % 0%  3.97  0.59 ±0.03 

– 4H <0001> A mixed – 33%  2.78  0.73 ±0.04    
B/C mixed 0% 33%  5.56  0.51 ±0.03 

β FCC 〈− 201〉 A monoatomic (O) – –  5.14  0.33     
B monoatomic (Ga) 33% –  15.4  0.36     
C monoatomic (Ga) – 16%  30.8  0.26  

Experimental values          
O component         0.38 ±0.03 
Ga component         0.63 ±0.02  
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experience an average steering potential created by the alternating Zn 
and O (Si and C) atoms on the axis, thus resulting in the same angular 
width Ψ½ for the Zn and O (Si and C) sublattices. Since in these materials 
all the mixed atomic rows are similar, the angular yield curve for the two 
sublattices will overlap. E.g., 3.035 MeV He+ channeling for 〈0001〉- 
oriented ZnO thin layers results in an angular width of Ψ½ ~0.5◦ for both 
the Zn and O sublattices [36], while 0.94 MeV D+ channeling for 〈0001〉- 
oriented 6H-SiC shows a Ψ½ value of ~0.6◦ for both the Si and C com
ponents [16], respectively. These values agree within ±0.02◦ with cal
culations based on Eq. (1) and Eq. (2) using appropriate r.m.s. thermal 
displacement values for ZnO [37] and SiC [38], thus showing the 
applicability of the continuum steering potential model for axial chan
neling in multi-component solids. Note, also good agreement between 
experimental and calculated Ψ½ values was found for 500 keV N+ ions 
[15] impinging 〈0001〉-oriented 6H-SiC. 

On the other hand, axial channeling along the c-axis of ε-Ga2O3 
seems to be rather similar to the case of axial channeling along the 〈1- 
102〉 or 〈10-11〉 axis of 6H-SiC, where two different types of monoatomic 
rows comprising only Si or C atoms are formed with relatively high 〈Z2〉

contrast which results in ca. 34% lower Ψ½ value for the C sublattice 
compared to the Si one [16]. 

For comparison, Table 1. also contains information on different 
atomic rows formed along the 〈-201〉 axial channel of the β-Ga2O3 
polymorph. However, the structure of the β-phase will be discussed 
later. 

Besides the critical angle for channeling, another key parameter 
describing the angular scan curve is the minimum yield, χmin. As Fig. 2 
shows, significantly higher minimum yield can be observed for the 
angular scan curve of oxygen compared to that of gallium. This fact can 
be understood considering the high 〈Z2〉 contrast between the A-rows 
and B/C-rows, and, accordingly, the lower Ψ½ value for the A-rows 
which contain mainly oxygen atoms. As it was shown, when channeled 
projectiles are steered between different atomic strings, the minimum 
yield of the string of the weaker steering potential, besides its own 
contribution, has also an additional component originating from the 
impact of the adjacent atomic strings of the stronger steering potential. 
This cross effect has been demonstrated e.g. for monoatomic Nb- and C- 
rows in 〈110〉 aligned NbC [39] and for monoatomic Si- and C-rows in 
〈100〉-aligned 3C-SiC [40] single crystals (Note, here C-row means an 
atomic string containing carbon atoms only). In these works, the rela
tively large χmin values for the C-rows were attributed to strong contri
butions from the Nb-rows (NbC) and Si-rows (SiC) steering the 
channeled projectiles with their deflection angles Ψ½ into the C-rows. A 
similar effect can be anticipated in 〈0001〉-oriented ε-Ga2O3 for the A- 
rows and B/C-rows, resulting in a relatively high χmin value for the 
former one, i.e., for oxygen atoms. The minimum yield for A-rows can be 
calculated as [39]:  

χmin
A = 18.8[(N〈d〉〈u2 〉)A + K(N〈d〉〈u2 〉)B,C],                                       (3) 

where N is the atomic density of Ga2O3 estimated from its mass density 
of 6.06 g cm− 3 [4], and the factor K is proportional to the relative 
scattering power from the different rows and can be estimated from the 
continuum string potential parameters to be K = 〈Z2〉B,C〈d〉A/(〈Z2〉A〈d〉B, 

C). The second term in Eq. (3) gives the contribution from the B/C-rows 
to the χmin of A-rows. This contribution seems to be significant, as the 
second term gives a χmin value of 0.127, while the first term results in 
0.077, respectively. Therefore, for A-rows a total minimum yield of χmin 
= 0.204 can be estimated. On the other hand, for the B/C-rows a χmin 
value of 0.035 can be calculated. Therefore, there is a satisfactory 
agreement between the calculations and the measured values of χmin 
(Ga) = 0.05 and χmin (O) = 0.24, when the cross-steering effect is taken 
into account. In conclusion, similarly to the Ψ½ values, the minimum 
yield trends are quite consistent with the Ga2O3 model structure where 
Ga atoms predominantly located in the octahedral interstitial sites of the 
4H oxygen sublattice. 

Fig. 2 also shows He+ angular yield data for the Al component of the 
underlying (0001) α-Al2O3 substrate for comparison. The background 
free RBS spectrum of the Al sublattice of sapphire (see the spectral range 
between channels no. 230–290 in Fig. 1(a)) enables the evaluation of the 
Al angular scan curve with a good accuracy. The angular scan for Al 
shows the appearance of the minimum yield, χmin, at the tilt angle of 
about 0.78◦, i.e., at similar position as that for χmin of Ga and O. Also, all 
the three curves show similar symmetries around the tilt angle of 0.78◦. 
This reveals a good matching between the c-axis directions of the Ga2O3 
layer and the underlying Al2O3 substrate, confirming the high quality of 
the epitaxial growth. 

In Fig. 2 a critical angle of Ψ½ ≈ 0.63◦ can be extracted for the Al 
angular yield curve. The corresponding value calculated from Eq. (1) is 
Ψ½ = 0.64◦, considering the channeling of the 2-MeV He+ ions along the 
〈0001〉-Al2O3 axis, and corundum crystal structure for Al2O3 with 
appropriate cell parameters [9] and r.m.s. thermal displacements [34]. 
In this case the energy loss of He projectiles in the Ga2O3 layer, as well as 
small-angle multiple scattering induced slight deflections [41] and 
direct backscattering of the analysing ions in the Ga2O3 layer (especially 
at around the interface) have been neglected in the calculation. In fact, 
we estimate a weak influence of such factors on the critical angle. The 
relatively high value of χmin for Al is due to the reduced fraction of 
channeled ions in the analyzing beam passing through the Ga2O3 layer 
and the interface before encountering sapphire. Even though χmin for Al 
is relatively high (~0.2), it is still lower than χmin for Ga in the interface 
region (~0.3 at about channel no. 455, see Fig. 1(a)), thus revealing a 
significantly lower amount of defects and strain as sources of ion beam 
deflection and dechanneling on the substrate side. Nevertheless, there is 
a substantial agreement between calculated and measured Ψ½ values for 
Al, thus demonstrating the applicability of the continuum steering po
tential model for the α-Al2O3 substrate. From a previous work [42], 
critical angles of Ψ½ ≈ 0.75◦, and Ψ½ ≈ 0.42◦ can be estimated for Al and 
O from 1.6 MeV He+ axial channeling performed on 〈0001〉 oriented 
α-Al2O3. In good agreement, Eq. (1) gives Ψ½ ≈ 0.72◦, and Ψ½ ≈ 0.418◦, 
for Al and O, respectively. 

3.2. RBS/C measurements on annealed Ga2O3 

Fig. 4 shows the random RBS and best oriented RBS/C spectra of a 
thin layer Ga2O3 sample after annealing at 1000 ◦C for 2 h with a slow 
cooling rate (2 ◦C/min) [5]. In this case we were unable to find an axial 
channeling direction with satisfactorily low minimum yield for Ga. 
Compared to the random spectrum, only a relatively small drop in the Ga 

Fig. 4. Random and oriented 2-MeV He+ RBS/C spectra of a Ga2O3 layer 
epitaxially grown on Al2O3 substrate and annealed at 1000 ◦C for 2 h and 
cooled down at 2 ◦C/min. Spectrum edges for different elements in the thin 
layer and in the underlying substrate are indicated. 

Z. Zolnai et al.                                                                                                                                                                                                                                   



Applied Surface Science 636 (2023) 157869

7

RBS yield can be observed for the oriented case. A most significant drop 
in the channeling backscattering yield can be observed for the Al spec
trum as compared to the random Al signal. This fact reveals better 
channeling conditions for the sapphire substrate than for the annealed 
Ga2O3 layer. After annealing at 1000 ◦C for 2 h followed by relatively 
slow cooling, the converted β-Ga2O3 layer assumed the standard 
( − 201) orientation parallel to the c-axis of the Al2O3 substrate. TEM 
and XRD revealed a polycrystalline but defected/strained structure of 
this β-Ga2O3 layer [5]. These findings may explain the different chan
neling behaviour of the samples before and after heat treatment, i.e., 
crystalline phase transition. As expected from Table 1, 〈-201〉 oriented 
β-Ga2O3 may show inherently narrower angular widths for channeling 
as compared to 〈0001〉 oriented ε-Ga2O3. In addition, slight misalign
ment of the small crystallites, as well as the presence of defects or strain 
may induce blocking of the channels and distortion of the crystalline 
planes thus reducing the probability of channeling in the annealed thin 
layer. However, some channeling can still be observed due to the basi
cally crystalline nature of the film. 

Quite similar RBS/C behaviour was observed for another Ga2O3 
sample (not shown here) which has been annealed at 1000 ◦C for 6 h 
with higher cooling rate (7.5 ◦C/min) [5]. The difference in the chan
neling characteristics compared to the unannealed sample reveals sig
nificant structural changes in the epitaxial layer during the annealing 
process. Indeed, previous TEM experiments performed on the same 
sample [5] showed, in particular, that after annealing at 1000 ◦C for 6 h 
followed by rapid cooling the film was entirely composed of β-Ga2O3 
grains, most of them with (310) orientation with respect to the sapphire 
substrate. 

The β-phase is known to accommodate 〈-201〉 orientation on sap
phire (see [6] and refs. therein), and, being the thermodynamically most 
stable polymorph, it is worth considering its characteristic behaviour in 
ion beam channeling experiments. From the channeling point of view, 
single-crystalline β-Ga2O3 may be approximated with a face centered 
cubic (FCC) lattice of oxygen atoms [4], containing Ga atoms with 
octahedral/tetrahedral (Oh/Td) site occupancy of 1:1 [10,43], see the 
schematics in Fig. 3(b). Td sites occupy midpoints of the FCC cube edges 
and the cube center, while Oh sites are located in the centres of the eight 
half-sized cubes inherited by the FCC cubic cell. Considering that the 
atoms located on cube surfaces and in cube apices are shared by adjacent 
cells, the FCC cell contains four oxygen atoms, four Oh sites and eight Td 
sites. The Ga atoms occupy only a fraction of the interstitial sites ac
cording to the Ga:O stoichiometry. Here we consider random occupancy 
of the suitable interstitial sites by Ga atoms. 

For the FCC structure in Fig. 3(b) a cell parameter value of a ≈ 4.1 Å 
can be considered. In general, the β-phase is described by a monoclinic 
structure with cell parameters a = 12.21 Å, b = 3.03 Å, and c = 5.75 Å 
[44]. Fig. 3(b) is based on a simplified model of the oxygen lattice of 
β-Ga2O3 [4] which allows the estimation of the atomic composition and 
atomic spacing in 〈-201〉 oriented atomic rows from the sense of 
channeling. 

For the crystal structure in Fig. 3(b), several different atomic rows 
can be viewed along the 〈-201〉 direction, with relatively large inter
atomic spacings. Each individual atomic row is monoatomic, i.e., con
tains only Ga or only O atoms, and, in general, the critical angle for 
channeling is quite low for all of them (see Table 1). Up to our knowl
edge a detailed axial channeling angular yield scan for β-Ga2O3 has not 
been reported so far, however ion beam channeling spectra have been 
shown for implanted and virgin β-Ga2O3 crystals. Typical minimum 
yields for Ga in virgin crystals varied in the range from few percents up 
to ~ 10% [11–13], probably depending on crystal quality and ion beam 
parameters used in the channeling experiments. The detailed descrip
tion of the β-Ga2O3 polymorph by RBS/C experiments seems to require 
further investigation. Usually, effective channeling cannot be achieved 
on polycrystalline materials if the size of the crystal grains is signifi
cantly smaller than the size of the ion beam applied in RBS/C experi
ments (typically on the 0.1–1 mm range). Better RBS channeling 

conditions are expected for as-deposited single-crystalline β-Ga2O3 
layers (compared to the polycrystalline β-phase material obtained via 
annealing) that we will grow in the near future. Proper channeling 
conditions achieved in RBS/C analysis are expected to allow direct 
comparison between experimental and calculated critical angles for 
channeling and minimum yields for the Ga and O sublattice of the 
β-Ga2O3 polymorph. 

3.3. Spectroscopic ellipsometry measurements 

The Ψ and Δ spectra measured by ellipsometry at multiple angles of 
incidence were fitted using an optical model that consists of an Al2O3 
substrate and the Ga2O3 layer. A reference dielectric function from the 
Woollam database was used for the substrate, whereas the dispersion of 
the optical properties of the layer was described by polynomials, uti
lizing the B-spline method [45]. This approach gains increasing atten
tion [46,47], because the application of oscillator models raises 
problems in materials with complicated band structure [48,49], in 
which the application of a bunch of generalized oscillators have no first 
principles-related physical meaning anymore. However, if the range of 
photon energies is limited to the sub-bandgap region, simple dispersion 
models can be used with a few fit parameters [49]. This approach was 
used in the present investigations to make sure that the proper thickness 
was applied in the B-spline model. The vertical inhomogeneity inferred 
from the RBS spectra and from previous TEM analysis was also modeled 
applying a double-layer structure for the Ga2O3 film using a Cauchy 
dispersion in both sublayers, but a better fit was obtained by a vertically 
graded single-layer B-spline model (Fig. 5). Assuming a nanoscale sur
face roughness neither improved the fit nor influenced the values of the 
fitted parameters, therefore, it was neglected. 

As we will show in this section, while similarly weak RBS channeling 
effect was observed for both annealed ε-Ga2O3 layers, significant dif
ferences were found for these two samples by spectroscopic ellipsometry 
measurements. 

The dielectric functions determined by SE show remarkable differ
ences especially in the photon energy range near the band gap (Eg), see 
Fig. 6. The absorption edges shown by the ∊2 spectra between 4.5 and 
5.5 eV are shifted to lower photon energies revealing a decrease of Eg 
with increasing annealing time. These features can be related to the 
observed phase transition [5] and to the different preferential orienta
tions, 〈-201〉 and 〈310〉 of the converted β-Ga2O3 layer with respect to 
the substrate, as well as the presence of residual defects and strain after 
annealing. The increase of ∊2 in the full energy range can be observed for 
the 2 h annealed sample. For 6 h annealing, beside the further increase 

Fig. 5. Example of measured (colored dotted lines) and fitted (black solid lines) 
ellipsometry spectra on the as-deposited Ga2O3 layer the thickness of which is 
279 nm. The angle of incidence corresponding to the plotted spectra was 55◦. 
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of ∊2 above 4.5 eV photon energy, a remarkable shift can be observed for 
the absorption edge position in Fig. 6. This feature is probably related to 
the above mentioned orientational and structural differences between 
the films exposed to different annealing/cooling treatment conditions. It 
is expected that longer annealing and quick cooling will result in higher 
defect density, in addition to a frozen (310) prevalent orientation of 
grains in the converted β-Ga2O3 film. 

Concerning hexagonal or pseudo-hexagonal phases, a bandgap of Eg 
= 4.9 eV was reported for ε-Ga2O3 grown by halid vapor phase epitaxy 
(HVPE) [50] and for ε-Ga2O3 grown by MIST-CVD technique on α-Al2O3 
substrate [51]. In another work [52] Eg = 5.06 eV was found for κ-Ga2O3 
on c-plane Al2O3, while B3LYP-DFT calculations resulted in a direct 
(indirect) bandgap of 5.08 eV (5.03 eV) for the hexagonal α-Ga2O3 
polymorph [53]. 

For the monoclinic phase β-Ga2O3, experimental bandgap values of 
Eg = 4.72–4.74 eV [19] and Eg = 4.7 eV [54] were reported, while 
B3LYP-DFT calculations [53] resulted in a direct (indirect) bandgap of 
4.69 eV (4.66 eV). 

Extrapolation of the linear fits to our (αhν)2 versus hν plots (not 
shown here) resulted in bandgap values of ca. 4.95 eV, 4.9 eV, and 4.7 
eV for the as-grown, 2 h annealed, and 6 h annealed Ga2O3 layers. 
Apparently, the Eg of the unannealed sample is close to that was reported 
for the ε-Ga2O3 and κ-Ga2O3 polymorphs, while the long term annealed 
sample exhibits similar Eg than it was previously reported for the 
β-phase. As we found, a shorter annealing time resulted in a moderate 
change of the evaluated bandgap with respect to that of the as-grown 
ε-Ga2O3 layer. 

For ∊1 only slight differences can be observed between all the data
sets shown in Fig. 6, especially at photon energies below 4 eV. The two 
annealed samples show very similar ∊1 values in the visible range, while 
for the as-grown layer somewhat higher dielectric constants can be 
observed. This difference may be partly associated with the distinct 
polymorphs with pseudo-hexagonal and monoclinic structure, as found 
before and after annealing, respectively. Our SE data trends agrees with 
experiments and calculations [19,53] performed for Ga2O3 in its hex
agonal and monoclinic phase, showing a higher measured refractive 
index (with n = 1.92–1.95) for the former as compared to the latter 
(with n = 1.84–1.89) structure. Calculation of the refractive indices in 
the zero-temperature, zero-frequency limit resulted in n = 1.74 and n =
1.68 [53] while bandgap corrected calculations give n = 1.95 and n =
1.87 [44] for hexagonal and monoclinic Ga2O3, respectively. In our case 
the refractive indices found for unannealed (ε-phase) and 2 h and 6 h 
annealed (β-phase) samples are n = 1.96, 1.90, and 1.91, respectively, at 

a photon energy of 1.5 eV (see Fig. 6). This observed trend is consistent 
with the calculations perfomred for the different polymorphs. Also, our 
values for the annealed samples agree well with that found in Ref [19] 
for β-Ga2O3 at similar photon energy. 

It is relevant to note that the dielectric spectra measured in the 
annealed Ga2O3 films of this study are not as sharp as the single- 
crystalline ones of Ref. [20]. This is to be expected as the monoclinic 
material studied here is the result of thermally-induced phase-transition, 
which – as already mentioned above - provides a β-polycrystalline layer 
with no long-range orientation, which is not directly comparable to as- 
deposited β-Ga2O3 thin films [19,21]. Furthermore, since the spot size 
used by SE is much larger than the dimension of nanometer grains, no 
optical anisotropy can be detected in the Ga2O3 layer. The obtained 
optical spectra represent an average response from the different in-plane 
orientations of the domains. 

4. Conclusions 

In this work the crystallographic structure of ε-Ga2O3 layers grown 
by MOVPE on Al2O3 substrate has been analyzed. The width and mini
mum yield of angular scan curves recorded by Rutherford Backscat
tering Spectrometry/Channeling (RBS/C) on the Ga and O sublattices 
were compared to calculations based on the continuum steering po
tential model. Good agreement between experiments and calculations 
was found when considering that the crystal structure of as-grown 
ε-Ga2O3 consists of oxygen atoms arranged in a 4H hexagonal closely 
packed (HCP) lattice in which Ga atoms preferentially occupy octahe
dral interstitial sites. These results are fully compatible with the ε-phase 
of Ga2O3 as it was previously shown by XRD and TEM measurements. 
High temperature annealing leads to transformation from the ε-phase to 
the monoclinic β-phase in the Ga2O3 film. This annealing-related 
structural reorganization led to remarkable changes in the RBS/C 
spectra. Our predictions show large differences in the width of the 
angular yield scan curves for 〈0001〉 axial channeling in the 4H lattice of 
the ε-phase and for 〈-201〉 axial channeling in the FCC lattice of the 
β-phase, thus assigning the Ga and O angular yields as indicators for 
different Ga2O3 polymorphs. 

In addition to RBS/C, spectroscopic ellipsometry (SE) measurements 
were carried out. SE was found to be an effective technique to distin
guish between as-grown, initially ε-phase Ga2O3, and its annealed states 
containing essentially β-phase Ga2O3 crystallites. Significant differences 
in the evaluated dielectric functions were found before and after heat 
treatment, especially in the wavelength region around the bandgap. The 
observed trends may be related to phase transition from hexagonal to 
monoclinic structure, variation of the preferred crystallographic orien
tation of the β-phase with respect to the Al2O3 substrate after annealing, 
as well as to differences in residual strain and defect structure deter
mined by the annealing conditions, such as duration and cooling rate. 

Our results provide a valuable contribution to the identification of 
the structure of Ga2O3 crystals through monitoring of basic material 
properties. The application and further development of the RBS/C 
technique combined with SE is straightforward for high resolution in- 
depth analysis of as-grown and annealed epitaxial Ga2O3 layers. In 
future experiments, layer density changes induced by phase transitions 
at high temperature, high concentration doping, implantation-induced 
disorder formation, or annealing-induced recrystallization of the 
Ga2O3 matrix, can be followed by RBS/C combined with SE. In addition, 
RBS/C can provide information about the localization and activation of 
dopant atoms, like Sn or Si, in crystalline Ga2O3. Using our concept, ion 
implantation-induced disorder formation and annealing induced defect 
recovery processes as a function of depth, as well as changes in the 
atomic structure and optical properties of different Ga2O3 polymorphs 
can be followed for the fundamental technological steps. 

Fig. 6. Real (∊1) and imaginary (∊2) parts of the dielectric functions for as- 
grown and post annealed Ga2O3 layers measured by SE. The terms „2h slow” 
and „6h fast” apply to the annealing times and cooling phases. 
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