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A B S T R A C T

Doping of β-Ga2O3 (100) with Si by ion implantation onto heated substrates is investigated. The study reveals 
complex ion beam-induced defect processes in β-Ga2O3, characterized by the formation of various defect types 
and their temperature-dependent transformation. By employing X-Ray Diffraction, Rutherford Backscattering 
Spectrometry, Particle-Induced X-Ray Emission, X-ray Absorption Near Edge Structure Spectroscopy, Trans
mission Electron Microscopy, and Density Functional Theory analyses, we examine lattice deformation, identify 
the local environment of dopants, assess electronic structure modifications, and verify the presence of extended 
defects induced by ion implantation. Our findings highlight the predominant contribution of substitutional and 
interstitial Si ions incorporated into complexes that act as donors manifesting n-type conductivity, while some 
fraction of the defects form complexes that act as traps for charge carriers. Notably, no monoclinic phase 
transformations were observed during implantation despite substrate temperature variations from 300 to 800 ◦C.

1. Introduction

While silicon-based power devices currently dominate the market, 
they are approaching fundamental performance limitations preventing 
commercial power systems from becoming smaller and more efficient. 
Wide bandgap (WBG) materials, such as GaN and SiC, are now consid
ered the next-generation materials for power electronics. A new class of 
power devices based on ultra-WBG semiconductors, including AlN, 
β-Ga2O3, and diamond, can potentially revolutionize the power elec
tronics industry. Particular scientific and technological attention is paid 
to monoclinic β-Ga2O3, which is the most stable polymorph, that can be 
grown directly from the melt, including the Edge-Defined Film-Fed 
Growth [1], the Czochralski [2], and Bridgman [3] methods, enabling 
large wafers up to 6 inches in diameter [4]. β-Ga2O3 has a bandgap of 
4.85 eV [5], offers a wide range of free electron concentrations of ~1014 

– 1020 cm - 3 and relatively high electron mobility approaching 190 
cm2V-1s-1 [6–8]. Further, it has a high breakdown electric field of 8 
MV/cm (theoretical) to handle high voltages and a large Baliga Figure of 
Merit to reduce switching losses [9]. More details on crystal and film 
growth, device fabrication, and physical properties of Ga2O3 can be 
found elsewhere [10,11]. Recent notable achievements include the 
integration of ion implantation to engineer a Ga2O3 transistor [12], a 
technique extensively employed in the mass production of commercial 
semiconductor devices. Ion implantation aims to either decrease ohmic 
contact resistance (shallow donors) and/or to realize potential barriers 
for voltage blocking (compensating acceptors). Shallow donors applied 
by ion implantation into β-Ga2O3 include Si, Sn, and Ge [12–16], while 
compensating acceptors cover Mg and N [12–17]. Ion implantation has 
been demonstrated mainly on commercially available substrates/films 
with (010), (001), and (201) surface orientations, with little work done 
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on the (100) orientation, which is the easiest cleavage plane, has the 
lowest formation energy, and offers a great smoothness, what is, in 
particular, important for δ-doping. Further, extensive development of 
homoepitaxial film growth on the (100) surface with a dedicated offcut 
(2–6◦ toward [001]) resulted in great electrical properties [18,19] and 
power device fabrication with high performance [20,21]. Due to dif
ferences in surface properties and anisotropy, all process steps in a de
vice fabrication chain must be studied and developed separately. For 
instance, structural defects that are mostly aligned with the [010] di
rection will have a different impact on thick film growth and device 
operation (leakage current) depending on the surface orientation. It has 
also been shown that ohmic contact resistance strongly depends on the 
surface orientation [22]. Therefore, we address in the present report Si 
ion implantation into (100) oriented wafers of β-Ga2O3 grown by the 
Czochralski method [2] to reveal defect formation that may impact 
electronic device operation.

However, ion implantation into (100)-oriented substrates presents 
challenges. These atomic planes are densely packed and are more sus
ceptible to damage. Post-implantation annealing or heating during im
plantation may be less effective in repairing damage and activating 
dopants due to the higher defect concentration for β-Ga2O3 (100) sub
strates. This can subsequently impact the electrical activation of 
implanted dopants and overall device performance. Ion implantation 
into heated β-Ga2O3 substrates introduces further complexity due to the 
potential for reorganization and/or creation of additional complexes 
around the implanted ions during implantation. Among the studies on 
(100)-oriented β-Ga2O3, to the best of our knowledge, only three have 
focused on ion implantation at room and elevated temperatures using Ge 
[16], N [18], and Eu [61]. Tetzner et al. [16] studied Ge4+ implantation 
in MOVPE-grown β-Ga2O3 films on (100)-oriented native wafers, fol
lowed by annealing at 900–1200 ◦C. Their findings indicate that surface 
morphology remains stable up to 1100 ◦C but changes at 1200 ◦C. The 
resistivity decreases with annealing, reaching a minimum at 1100 ◦C, 
while SIMS profiles reveal Ge penetration up to 250 nm with minimal 
diffusion upon annealing. In another study, Tetzner et al. [18] investi
gated N+ implantation under energies of 30–360 keV and doses of 8 ××

1012–3 × 1013 cm-2. The post-implantation sheet resistance increased by 
nine orders of magnitude and remained stable up to 600 ◦C but 
decreased at 800 ◦C, likely due to electron trapping at 
implantation-induced defects. Structural analysis revealed extended 
defects, which recovered after annealing, though point defects persisted, 
acting as charge traps. A study of Eu implantation into β-Ga2O3 (100) 
single crystals grown via the floating zone technique was performed by 
Peres et al. [61]. It was concluded that the implantation at intermediate 
temperatures (~600 ◦C) reduced damage and promoted Eu substitution 
in the Ga lattice, enhancing optical activation. However, defect accu
mulation was complex, with implantation damage initially decreasing at 
400–600 ◦C but increasing again at higher temperatures due to defect 
clustering. Analysis of Eu L3-edge XANES spectra revealed a strong 
dependence of Eu3+/Eu2+ ratios on implantation and annealing condi
tions, with charge state stabilization influenced by defect interactions 
rather than a direct correlation with substitutional fraction. In contrast 
to the aforementioned studies, the present study focuses specifically on 
the modification of the local structural environment of the implanted ion 
(Si in our case), including intrinsic point defects in the β-Ga2O3 (100) 
host matrix under heated substrate conditions. This aspect has been 
largely unexplored in prior research. Therefore, it is important to have a 
deeper understanding of the lattice location of dopants and the role of 
native defects (such as oxygen/gallium vacancies/interstitials) in re
sidual conductivity relative to extrinsic impurities. This knowledge is 
essential as it should enable the fabrication of devices based on a 
manufacturable all-ion-implanted process like for MOSFETs. Moreover, 
the acquired knowledge could lead to more efficient electronic devices 
capable of operating under harsh conditions. Notably, the current state 
of β-Ga2O3 (100)-based materials lacks reports dedicated to structural 

studies of materials modified by light-ions implantation, which this 
paper aims to address.

2. Experimental details

2.1. Crystal samples; Rutherford backscattering spectrometry, particle- 
induced X-Ray emission (RBS/PIXE)

Crystal samples selected for the present study were prepared from a 
2-inch diameter bulk β-Ga2O3 single crystal grown along the [010] 
crystallographic direction using the Czochralski method at Leibniz- 
Institut für Kristallzüchtung (Berlin, Germany). The crystal was grown 
from an Ir crucible with an oxygen concentration of 8 vol. % in the 
growth atmosphere with no intentional dopants (for further details, see 
[2,23]). The samples of size 5 × 5 × 0.5 mm3 were (100) oriented and a 
double-side chemical-mechanical polishing was performed. The samples 
were semiconducting with the free electron concentration and electron 
mobility (from Hall effect measurements) of 3.4 × 1017 cm-3 and 118 
cm2V-1s-1, respectively. To select optimal implantation parameters that 
would prevent mechanical degradation of the gallium oxide crystal 
surface, the samples were implanted under a heated substrate condition 
while maintaining a constant fluence of 5 × 1015 at/cm2 (with a flux 
1.72 × 1011 s-1cm-2) at an energy of 175 keV. The implantation angle 
was about 7◦ to avoid channeling. The substrate temperature was kept 
constant throughout each implantation process, with selected temper
atures ranging from 300 to 800 ◦C. The minimum temperature of 300 ◦C 
was selected because at room temperature the samples degraded during 
implantation and the maximum temperature of 800 ◦C was selected 
because at 900 ◦C the crystal was contaminated by the clamps. To 
monitor the lattice disorder and the Si lattice site location with depth 
resolution, RBS/c measurements were carried out using a 1.7 MeV He+

beam and a Si pin diode as a detector placed at a backscattering angle of 
170◦. Random and aligned spectra along the [201] direction were ac
quired to determine minimum yield functions. Moreover, PIXE/c ex
periments were carried out on samples using a Silicon Drift Detector 
with an area of 80 mm².

2.2. X-ray diffraction (XRD)

High-resolution (HR) XRD was performed on a PANalytical X’Pert 
Pro MRD XL diffractometer (delivering Cu Kα1 radiation, λ=1.54056 Å) 
equipped with a fourfold (220) Ge monochromator and threefold (022) 
Ge analyzer.

2.3. X-ray absorption near edge structure (XANES) spectroscopy

The X-ray absorption experiments were performed at the Solaris 
synchrotron on the PIRX beamline. The XANES spectra were obtained 
recording the total electron yield (TEY) and total fluorescence yield (TFY 
or FLUO) signals from the samples while scanning the photon energy 
over the Si K edge region. The X-ray absorption experiments were car
ried out with the polarization vector of the synchrotron radiation ori
ented close to the “magic” angle, i.e. the angle at which the absorption 
cross-section becomes independent of the orbital orientation. After 
normalization to the photon flux, the recorded XANES spectra were 
subjected to subtraction of a linear background, which was fitted to the 
flat pre-absorption-edge region. For quantitative comparison, the 
spectra were then normalized to the atomic limit, the range of about 100 
eV photon energy above the absorption edge, where no angular 
dependence is observed. To interpret the experimental XANES signal, a 
broad spectrum of intrinsic/extrinsic point defects and their complexes 
was theoretically analyzed using a Green’s function methodology 
implemented within the software package FEFF [24].
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2.4. Transmission electron microscopy (TEM)

TEM studies were conducted on a Tecnai F20 (twin lens configura
tion) model from the company FEI at 200 kV acceleration voltage (field 
emission gun). For the analyses, electron-transparent lamellae (prepared 
by the Focused Ion Beam (FIB) technique) were examined under 
Brightfield and scanning transmission electron microscopy (STEM) 
conditions with different beam diameters (spot sizes) and, thus, different 
current doses on samples, as well as varying condenser/objective aper
tures. In addition, selected area diffraction (SAD) experiments were 
carried out at lower magnifications (size limitations for high resolution). 
The analysis was conducted along the [010] direction. Fast Fourier 
transform (FFT) simulations complemented the investigations at higher 
resolutions to clear up possible second-phase influences in the Si- 
implanted β-Ga2O3 under heated substrate conditions. The evaluation 
of the images was done using the Gatan Digital Micrograph (GMS 3) 
software.

2.5. Computational methods

2.5.1. Hybrid-density functional theory (H-DFT)
Using Vienna Ab-initio Simulation Package (VASP, v. 6.3.2) and 

applying projector augmented wave potentials, we performed first- 
principles density functional theory (DFT) calculations [25–27, 28] to 
study the monoclinic phase of β-Ga2O3 structure with the space group of 
C2/m which includes 20 atoms in its conventional unit cell. An energy 
cutoff of 510 eV, convergence tolerance of <0.03 eV/Å, and energy 
tolerance of <0.0001 eV with a 2 × 2 × 2 k-point grid were used for 
optimization calculations of 160-atom of 1 × 4 × 2 supercells with the 
symmetry turned off. Spin-polarized HSE06 hybrid functional [29] was 
utilized with a fixed screening parameter and a 32 % mixing parameter 
in order to get accurate structural and electronic properties. Our relax
ation calculations resulted in a = 12.221 Å, b = 3.028 Å and c = 5.872 Å 
for lattice constants for the unit cell of β-Ga2O3 and the band gap of the 
pristine structure is Eg = 4.73 eV.

The formation energy (Ef
q) of an impurity with a charge state of q is 

computed as [30]: 

Ef
q = Etot

(
Xq

)
− Etot(bulk) −

∑

i
ni⋅μi + q⋅(EVBM + EF) + Ecorr, (1) 

where Etot
(
Xq

)
is the total energy of the supercell with the defect in the 

charge state q, Etot(bulk) is the total energy of the defect-free structure. 
The term ni⋅μi accounts for the change in the number of atoms ni of type i 
with a chemical potential μi due to the defect formation, with ni being 
positive or negative depending on whether an atom is removed or 
added, respectively. For this study, the following chemical potentials μi 
of the elements were selected: μSi= - 5.69 eV (calculated from Si bulk), 
μGa= - 3.38 eV (calculated from bulk Ga metal for Ga-rich) and μO= - 
7.187 eV (calculated from O2 molecules for Ga-poor). The term 
q⋅(EVBM +EF) describes the change of the formation energy in case q 
electrons are removed or added, where EF represents the Fermi energy of 
β-Ga2O3 and EVBM is the energy of valence band maximum. The 
Freysoldt-Neugebauer-Van de Walle (FNV) correction term, Ecorr, is 
applied to eliminate spurious electrostatic interactions between defects 
and their images [31]. A value of 10 is used for the experimental 
dielectric constant of the β-Ga2O3 matrix [32] to compute Ecorr.

Using Eq. (1), a thermodynamic transition level can be also identified 
[33]: 

ε(q1 / q2) =
Ef

q1
|EF=0 − Ef

q2
|EF=0

q2 − q1
, (2) 

where Ef
q|EF=0 is the formation energy of the defect in charge state q 

when the Fermi energy EF is set to zero.

2.5.2. Full multiple scattering (FMS)
XANES spectra were calculated using the ab initio code FEFF8 within 

the real-space full multiple-scattering (FMS) approach [34,35]. This 
code implements the single-electron theory, based on a self-consistent 
real-space Green’s function formalism and final-state potentials 
considering an appropriately screened core hole. For a better under
standing, the interpretation of the experimental XANES spectra was 
performed in terms of real space multiple scattering formalism [36]. The 
FMS calculations of the silicon K-edge XANES were performed for 
different cluster sizes (specified as spheres of a given radius around the 
absorbing atom) of the corresponding model, which has the monoclinic 
structure (with space group C2/m and the lattice parameters a =
12.2140 Å, b = 3.0371 Å, c = 5.7981 Å). The best results were obtained 
using the Hedin-Lundqvist self-energy together with an additional en
ergy shift (set in the EXCHANGE card) to set the Fermi level. 
Self-consistency was achieved for a cluster size of about 4.7 Å (the SCF 
card) corresponding to 45 atoms, including the absorber. In the final 
analysis, the FMS was used (the FMS card) for a cluster of radius 7.5 Å 
surrounding the absorber. Lorentzian broadening with HWHH (half-
width at half-height) equal to 0.1 eV was used for the calculated spectra. 
All muffin-tin spheres were automatically overlapped by 15 % (the 
AFOLP card) to reduce the effect of potential discontinuities at the 
muffin tins. XANES spectra were calculated in the presence of an 
appropriately screened core-hole according to the final state rule.

3. Results and discussion

The investigations of ion-implanted layers, particularly for implan
tation at elevated temperatures, which is often used during device 
manufacturing, are important for understanding the evolution of 
structural changes in dependence on implantation temperature. Fig. 1(a) 
shows the RBS spectra of the virgin β-Ga2O3 and the samples implanted 
by Si at different substrate temperatures, TS, varying from 300 to 800 ◦C. 
The calculated average concentration of silicon for 300 nm depth of 
β-Ga2O3 is equal to 0.20 at %. The defect profiles, corresponding to the 
relative number of displaced Ga atoms, were determined by calculating 
the difference between the minimum yield of the samples implanted by 
Si and the pristine samples as a function of depth, and subsequently 
subtracting the dechanneling yield. The rate of the dechanneling of 
beam particles at defects was estimated using the DICADA2 code for 
compound crystals [37]. This code relies on the discontinuous dechan
neling model and assumes randomly displaced atoms as the origin of 
increased backscattering yield in first order. The depth range of the 
defect profiles is limited by the onset of the O-signal in the RBS spec
trum. Given profiles are presented in Figure 1(b). The Si (violet line) and 
Ga&O vacancy (brown line) profiles, calculated using the TRIM/SRIM 
program [38], are also shown for comparison. The defect distribution 
profile of silicon calculated using TRIM/SRIM at room temperature (RT) 
is located closer to the surface than the maxima of the relative defect 
concentration profiles for the implanted samples. Detection of Si in 
β-Ga₂O₃ using RBS is challenging due to the low scattering cross-section 
of a low-Z impurity (Si) and the continuous background arising from 
overlap with ions scattered from the heavier β-Ga2O3 monocrystal. In 
the case of β-Ga2O3:Si, the maxima of ‘relative defect concentration’ 
(RDC) are increasingly shifted away from the sample surface with rising 
TS. RDC intensity (including visible tails) progressively decreases with 
increasing TS. The behavior of the RDC curves presented in Figure 1(b) 
for TS above 300 ◦C, namely, the shift of the RDC maximum to greater 
depths compared to SRIM predictions, closely resembles the trend re
ported by Peres et al. [61]. In their study, Eu was implanted into simi
larly oriented gallium oxide monocrystal at a fluence of 1 × 1015 at/cm2 

over a temperature range of 20–1000 ◦C. Their findings suggest that 
defect migration occurs during implantation, leading to accumulation 
near the interface between the implanted and pristine regions of the 
sample. Our results indicate that diffusion associated with the implan
tation temperature (and probably implantation time) plays a dominant 
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role. This is evidenced by the gradual decrease in defect concentration 
and the progressive shift of the RDC maxima deeper into the sample with 
increasing TS.

Since the contribution of direct backscattering and dechanneling to 
the aligned RBS spectra depends on the type of defects, the RDC 
behavior shown in Figure 1(b) indicates a significant decrease in both 
point and extended defects concentration. It is well-recognized that 
point defects are characterized by uncorrelated displaced lattice atoms. 
In this case, the contribution of direct backscattering is significant and 
represented by maxima visible in Figure 1(b). Conversely, in the case of 
extended defects, a correlated displacement of lattice atoms occurs, and 
the contribution of direct backscattering is negligible. This means that 
the channeled RBS spectra are mainly determined by the dechanneling 
of the He+ ions that are used for RBS. This effect is illustrated in Figure 1 
(b) by the above-mentioned visible tails. The elevation of the tail of the 
relative defect concentration distribution is a representation of extended 
defects present in all samples. This behavior coincides well with the 
results presented in [62] (there, see Fig. 5 and the corresponding dis
cussion) for silicon and confirms the dependence we presented in 
Figure 1(b). Note that according to [62], the first version of the DICADA 
code had an option to consider extended defects for single-element 
crystals (e.g., Si). Consequently, according to the results obtained, the 
number of extended defects decreased with increasing TS. Although the 
DICADA2 code is not capable of simulating extended defects, the iden
tification of their specific type is best achieved using TEM. This approach 
is considered optimal by the authors, given the ambiguity of existing 
theoretical approximations. Our conclusions are supported by the sub
sequent results from the TEM study (data are not presented here), for 
which lamellae were analyzed at different sample depths. The study of 
these lamellae confirmed our assumptions derived from the qualitative 
analysis of the RBS and HR XDR data. Namely, the depth analysis of the 
samples indicated the presence of extended defects (dislocations and 
stacking-faults) at depths of 200 nm and 350 nm for samples with lower 
TS. These depths are deeper than 180 nm, i.e. the depth level of the peak 
silicon distribution predicted by SRIM calculations at room temperature. 
At higher implantation temperatures, the number of extended defects 
significantly decreases. A defect-free gallium oxide structure is observed 
at a depth of 800 nm.

The normalized yield for the RBS, χGa or the PIXE Si X-ray signals, χSi, 
are defined as the ratio of the channeled yield to the corresponding 

random yield. The fraction of nonrandom Si, fnr, can then be calculated 
by comparing χGa and χSi from the β-Ga2O3:Si sample using a well- 
known equation fnr = (1 - χSi)/(1 - χGa) [39]. The resultant fnr for the 
studied samples obtained from the [201] channeled projection is shown 
in Figure S1. For Si implanted in β-Ga2O3 in the TS range of 300 – 600 ◦C, 
the fnr values are quite similar, exhibiting a visible downward trend. 
However, as TS during the implantation process increases to 700 – 800 
◦C, the fnr values decrease. The observed behavior, at this point, can be 
explained if some Si atoms are ‘visible’ in the channeling direction and 
the X-ray emission coming from these interstitial or displaced SiGa atoms 
[39]. Therefore, fnr calculated from χSi does not represent the true 
nonrandom Si fraction. Indeed, the Relative Disorder Fraction 
(χ/χrandom) from the RBS/c measurements for the samples with the TS of 
700–800 ◦C and for the virgin crystal falls in the range 0.1 ≤ χ/χrandom ≤

0.5. This region is associated with low to moderate disorder. On the 
other hand, the samples with lower TS have χ/χrandom ≥ 0.5, which is 
associated with a severe disorder. The equation for fnr works best in 
single-crystal materials with low-to-moderate disorder under precisely 
controlled channeling conditions. In the cases where disorder is too 
high, defects cluster, or the beam is misaligned, the extracted fnr may not 
accurately reflect the actual defect fraction, which agrees well with the 
results we obtained. Nevertheless, the overall decrease in fnr for the 
[201] channeling direction with an increase in TS indicates that the 
heating process during implantation may promote Si random precipi
tation or formation of complexes. These results are supported by the 
results of PIXE/RBS/c presented in Fig. 2 which will be discussed 
further. Although it is not possible to identify the form of these random 
precipitates/complexes from the present study, earlier reports on 
annealing of β-Ga2O3:Si suggest that Si removed from the lattice sites 
forms SiO2 inclusions when the annealing takes place at 1100 ◦C [40]. 
Additionally, several reports on similar systems using scanning trans
mission electron microscopy and positron annihilation spectroscopy 
techniques have indicated the formation of complexes consisting of 
cation interstitial atom bound by two gallium vacancies [41–43].

Let us continue the discussion of the results obtained from the 
β-Ga2O3:Si samples implanted in a heated substrate, at temperatures 
ranging from 300 to 800 ◦C, by estimating the expected structural 
changes. XRD is widely used to investigate structure changes during 
semiconductor processing as a routine method for fast and reliable di
agnostics [44]. In particular, HR XRD is used to estimate structural 

Fig. 1. (a) RBS random and [201] aligned (channeled) spectra for the β-Ga2O3 monocrystals implanted by Si at different substrate temperature (TS) implantation 
conditions. (b) Relative defect concentration as a function of depth extracted using the DICADA2 program from the RBS spectra in (a). For comparison, the Si (thick 
violet line) and Ga/O vacancy (thick brown line) profiles calculated using the TRIM/SRIM program [38] are also shown in (b) (not to scale). The numbers near the 
relative defect concentration distribution lines correspond to the depth positions of the maxima (in nm).
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changes after ion implantation [45] and subsequent annealing [46]. In 
many cases, XRD characterization is limited by quick analysis of strain 
and layer thickness values using oscillation positions [40]. However, 
careful XRD investigation, including numerical simulations, allows us to 
obtain the depth distribution of strain and damage with depth [47]. The 
2θ/ω scans across the 400 symmetric reflection are shown in Fig. 3(a). 
The black line corresponds to the pristine sample with a so-called sub
strate peak at 2θ ≈ 30.075◦, marked as ‘v’, which comes from the 
β-Ga2O3 monocrystal. In addition, intense fringes are visible with the 
maximum deviation labeled as ‘1′ (2θ ≈ 29.88◦), ‘2′ (2θ ≈ 29.92◦) and ‘3′ 
(2θ ≈ 29.99◦) for samples implanted in the heated substrate at TS of 300, 
500 and 700 ◦C, respectively. For the sample implanted at TS = 800 ◦C 
(magenta line, ‘4’), the β-Ga2O3 matrix relaxes, and only a small strain 
remains in the layer. The origin of the oscillation fringes observed on the 
left side of the basal (400) reflection peak from the substrate is associ
ated with damage and strain introduced by ion implantation near the 
surface. The implantation process forms a layer with a disrupted crystal 
lattice, where there is a gradual transition from a more deformed 
structure to the undisturbed bulk crystal. The resulting strain gradient 
leads to lattice expansion, giving rise to asymmetric diffraction streaks 
in the HRXRD pattern. This phenomenon is extensively described in the 
literature, for instance, in [64,65]. The lattice expansion, increasing 
(100) interplanar spacing, could presumably be explained by the pres
ence of interstitial dopant along with intrinsic interstitial defects of the 
host matrix. Let us focus attention on the local structure of silicon, the 
study of which is the aim of this paper. As will be shown later, consid
ering only silicon interstitial atoms during interpretation the Si K edge 
X-ray absorption spectra would be insufficient to explain the de
pendences observed in the experimental data, where presumably, at low 

TS, the concentration of substituted silicon atoms, rather than interstitial 
ones, plays a major role. As TS increases, the visible strain from im
plantation decreases. As mentioned above, after subsequent substrate 
heating, which is expected to simultaneously perform activation of 
implanted ions and promote host lattice recovery, the fringes to the left 
of the main peak diminish. Randomly displaced lattice atoms and 
extended defects like dislocations and stacking faults affect XRD patterns 
by either forming fringe patterns on the low-angle side of the diffraction 
profile or affecting the diffracted beam intensity. The evolution of the 
average strain maxima in the [201] direction and the static 
Debye-Waller (DW) factor of β-Ga2O3:Si samples reveal a moderate 
decrease in the average strain, accompanied by an increase in DW factor 
as TS increases (Figure 3(b)), reaching 0.8 for TS = 800 ◦C. Both pa
rameters were estimated using RaDMax software [47], and the obtained 
results are shown in Figures S2-S3. Nevertheless, the dependencies 
shown in Figures 1(b) and 3(b) could be associated with a decrease in 
the overall number of extended defects, such as dislocations and stack
ing faults, as a function of TS, which was further confirmed by TEM 
studies.

HR XRD results correlate well with RBS/PIXE/c ones presented in 
Fig. 2. An improvement of channeling as a function of TS can clearly be 
recognized, as the yield dip from the host Ga atoms at TS = 800 ◦C 
compared to TS = 300 ◦C is deeper. The normalized yield for the PIXE Si 
X-ray signal, χSi, for the samples with TS = 700 – 800 ◦C is shallower for 
the [201] direction. Therefore, it can be assumed that not all of the 
nonrandom silicon atoms are located at Ga substitutional sites, SiGa. This 
behavior does not rule out the possibility that some of these atoms are at 
interstitial sites, Sii. We assume that a small protrusion into the channel 
(see Fig. 2 for TS = 700 - 800 ◦C) exists so that the yield dip from solute Si 

Fig. 2. PIXE/RBS/c angular distributions of channeling in the [201] direction for the β-Ga2O3:Si samples implanted under different substrate temperatures, Ts.

Fig. 3. (a) Measured high-resolution X-ray diffraction (HR-XRD) 2θ/ω profiles (XDP), 400 symmetric reflection, of the virgin sample (black line with the substrate 
peak at 2θ ≈ 30.075◦ labeled as ‘v’) and Si implanted β-Ga2O3 under the condition of a heated substrate at 300 ◦C (red line with the maximum deviation peak at 2θ ≈
29.88◦ labeled as ‘1′), 500 ◦C (green, 2θ ≈ 29.92◦, ‘2′), 700 ◦C (blue, 2θ ≈ 29.99◦, ‘3’), and 800 ◦C (magenta line, no deviation peak). Fringes are clearly visible for the 
lower substrate temperatures, but only slight strain remains in the sample implanted at the 800 ◦C substrate temperature. (b) Evolution of the maximum average 
strain and static Debye-Waller (DW) factor of Ga2O3 samples implanted with Si at different crystal heated temperatures, TS.
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atoms is narrower than the yield dip from host Ga atoms. In other words, 
this simply means that the narrower Si scans may come from two 
sources: interstitials and displaced Si, but they cannot be unambiguously 
distinguished. This could also be a fingerprint of the complexes of the 
interstitial Sii5,8,9 (here, the notation from Shokri et al. is used [48]) with 
intrinsic point defects like gallium vacancy, VGa, or defects like SiGa. 
Oxygen vacancies were excluded from consideration based on the re
sults of DFT simulations obtained under gallium-poor conditions [49]. 
At this stage, we cannot rule out a situation for which Si signal is a 
combination of substitutional/interstitial Si plus their small displace
ment, as case (g) in Figure 15 in [63], since our obtained RBS/PIXE/c 
results have weak statistics for such analysis. To unambiguously deter
mine whether Si atoms are indeed interstitial, it would be necessary to 
perform the experiment in a different orientation(s).

As a next step, XANES spectroscopy, which provides insight into the 
unoccupied electronic states, specifically the density of states near the 
Fermi level, was applied. XANES helps to obtain critical information on 
the oxidation state, local geometric and electronic structure, and 
chemical environment of specific atoms in a material. The normalized 
XANES spectra of β-Ga2O3:Si originating from the transitions of Si 1 s 
core electrons to unoccupied states having p-symmetry relative to silicon 
atoms in the function of TS are compared in Fig. 4(a). First, to perform a 
qualitative analysis, we compare the XANES spectra of β-Ga2O3:Si with 
nanocrystalline silicon, SiO, and SiO2, as the fine structure of XANES 

reflects the symmetry of the local environment. This allows us to 
determine the oxidation state of the absorbing atom by identifying shifts 
in the absorption edge energy of the spectrum. The oxidation state of 
silicon is the same in all implanted samples and is close to 4+ instead of 
0 or 2+. To distinguish between the ‘surface’ and ‘bulk’ signals from 
silicon in the β-Ga2O3:Si system, TEY and FLUO detection modes [50] 
were utilized, respectively (Figure 4 (b)). TEY is a surface-sensitive 
technique, as it detects secondary electrons emitted from the sample, 
which typically have low kinetic energies. Due to the limited escape 
depth of such electrons (typically a few nanometers), this detection 
mode provides information about the near-surface region of the sample. 
In contrast to TEY, FLUO (or total fluorescence yield (TFY)) is more 
bulk-sensitive. It detects X-ray fluorescence photons emitted when the 
material relaxes after absorption. The probing depth in FLUO mode is 
typically greater, often reaching hundreds of nanometers depending on 
the material and energy, providing information on the bulk of the 
sample rather than just the surface. The observed changes in the fine 
structure of the spectra allowed us to conclude that the local electronic 
structure around the silicon on the surface of the β-Ga2O3:Si differs from 
the bulk one and is close to SiO2. By performing Si K edge XANES line 
scanning along the sample’s surface, we found that this phase is 
randomly distributed. Namely, at different positions of the line scan
ning, the local structure around silicon was very similar to silicon di
oxide. In other positions, the signal remained close to the bulk one, see 

Fig. 4. (a) Normalized Si K-edge XANES spectra of β-Ga2O3:Si in the function of heated substrate temperature, TS measured using FLUO detection mode. A 2nd 
resonance is indicated by the arrow. (b) Normalized Si K-edge XANES spectra of the sample with TS = 300 ◦C measured in both detection modes (FLUO vs TEY) and 
the nanocrystalline silicon, SiO, and SiO2 standards (only TEY detection mode was used in order to avoid the self-absorption effect). (c) Comparison of theoretical 
XANES spectra calculated using FEFF with the experimental spectra shown in (a). Black solid lines are the experimental spectra. Other colored solid lines correspond 
to the spectra of the specific defect complexes. The red circles correspond to a linear combination of the theoretical models. The energy positions of the 1st and 2nd 
resonances for the TS = 300 ◦C sample are 1848 eV and 1853.2 eV, respectively. The two resonances that correspond to SiO2 phase are at 1850 eV and 1867 eV.

I.N. Demchenko et al.                                                                                                                                                                                                                          Acta Materialia 292 (2025) 121036 

6 



black/red curves in Figure 4(a)), which is in good agreement with the 
STEM results shown in Fig. 6 (b and c).

To interpret the local atomic structure around the absorber (which is 
silicon in this case) in greater detail and validate theoretical models, the 
experimental XANES spectra were compared with simulations using 
FEFF code. Note that the validity of the model selection to be used for 
FEFF simulations was determined using DFT calculations, which will be 
discussed below. FEFF simulations showed that the local structure 
around silicon, in the context of the positions of two resonances at TS =

300 ◦C (1st:1848 and 2nd:1853.2 eV), is described quite well by 

substitutional SiGaI in β-Ga2O3 (Figure 4(c)). It should be noted that the 
fine structure of XANES spectra is reflective of the symmetry of the local 
environment around the absorber. Sharp, well-defined features may 
indicate a higher degree of symmetry, whereas broad or asymmetric 
features may suggest local distortions or defects. The increase in TS leads 
to a slight narrowing of the 1st resonance, which does not contradict 
RaDMaX simulation results, for which the DW factor slightly improves. 
However, the decrease of the 2nd resonance intensity with TS could not 
be explained by the presence of only a substitutional SiGaI or by some 
reorganization around this defect. The incorporation of defect 

Fig. 5. Formation energies Ef for complexes in β-Ga2O3 plotted against the Fermi energy EF for Ga-poor conditions: (a) the Sii9–1VGaI complex and (b) the Sii9–2VGaI 
complex. In the figures, the formation energy of the complex (marked with “-” sign) is lower than the summation of the formation energies for separate defects 
(marked with “+” sign) (these partial defects can be i9, VGaI, 2VGaI, and i9-VGaI). Note that the boundaries for the nonshaded region correspond to the valence band 
maximum (VBM at EF = 0 eV) and the conduction band minimum (CBM at EF = Eg = 4.73 eV). For DFT computational details see Supplementary Information. Also 
note that the same behavior will be observed for Ga-rich conditions, but the values of the formation energy will be shifted by a constant. 
Formation energies for Si impurity (complexes) in β-Ga2O3, are plotted against the Fermi energy for (c) Ga-rich and (d) Ga-poor conditions.
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complexes consisting of SiGaI with one or more vacancies, either oxygen 
(VOI) or gallium (VGaI), in the consideration, did not result in the 
disappearance of the 2nd resonance. In addition, two relatively intense 
states around 1850 and 1867 eV are clearly missing in the theoretical 
spectra of the SiGaI model. Both are well accounted for by the SiO2 phase 
states. Consequently, we cannot rule out the presence of small, randomly 
distributed SiO2 regions in the sample volume. A similar phenomenon 
was observed in β-Ga2O3 (201) implanted by Si at a fluence 2e16 Si/cm2 

[40], where the electron energy loss spectroscopy technique was 
employed instead of XANES. Hence, an alternative explanation satis
fying the description of the FLUO Si K edge XANES spectra must be 
sought.

Despite extensive research on β-Ga2O3:Si, a comprehensive study of 
the various possible Si defects other than substitutional ones is still 
lacking. One of the reasons for this is that in a thermodynamically stable 
condition, the formation energy of SiGa is much lower than that of Sii 
[48,51,52], and therefore, only a small concentration of interstitials is 
expected to be present in a sample [48,53]. However, when a suitable 
out-of-equilibrium modification technique such as ion implantation 
doping is used, due to the ballistic nature of this process, the build-up of 

a lattice disorder occurs, accompanied by the formation of various types 
of defects, including interstitials. In consideration of the aforementioned 
details, the complexes of Sii with one or two cation vacancies were also 
considered. As shown in previous studies [41,42], the proposed 
divacancy-cation interstitial complexes correlate directly with the 
structures obtained by DFT, which predicts that they are compensating 
acceptors in β-Ga2O3. In turn, the positron annihilation spectroscopy 
data were interpreted as the signals being dominated by split VGa defects 
in β-Ga2O3 [43]. Theory predicts that the split Ga vacancy configuration 
has low formation energy (see also Figure S4(b)), and EPR, IR, STEM 
experiments agree that such a configuration is the most likely inter
pretation [43]. Consequently, in addition to the identified most favor
able Sii sites by calculating their formation energy [48], we also 
considered their complexes with one or two closest VGaI (Fig. 5). Such a 
possibility seems to be even more realistic since the process of implan
tation into β-Ga2O3 (100) under heated substrate conditions was carried 
out for about 8 h and was motivated by the absence of mechanical 
degradation of the host crystal in this way.

Here, we selected an interstitial Si at sites 5, 8 and 9, i.e., Sii5,8,9, due 
to their lowest formation energy amongst other interstitials [48]. As can 

Fig. 6. (a) HR-TEM image of (100) β-Ga2O3:Si at TS = 400 ◦C, taken 150 nm below the surface along the [010] direction, highlighting pronounced extended defects 
but no evidence of secondary phases (FFT inset). (b) STEM overview of (100) β-Ga2O3:Si implanted at TS = 400 ◦C, revealing near-surface damage, including a visible 
crack. The darker contrast suggests the possible presence of SiO2, which has a lower density and atomic number than Ga2O3. (c) HR-TEM image of (100) β-Ga2O3:Si at 
TS = 600 ◦C, also along [010], showing darker nano-regions, likely indicative of a higher silicon concentration, either in complex formations or as SiO2, as inferred 
from TEM Brightfield analysis. (d) STEM overview of (100) β-Ga2O3 implanted at TS = 800 ◦C, displaying no detectable secondary phases (SAD inset), though nano- 
voids are presumably present [57].
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be seen in Figure S5, the presence of the Sii5–2VGaI or Sii9–2VGaI com
plexes introduces localized electronic states within the band gap: ε(2-/0) 
at 3.662 and ε(1-/0) at 2.405 eV with respect to the valence band 
maximum, respectively. The model containing Sii8 was discarded due to 
the impossibility of forming a complex linking between the Sii8 atom and 
the two nearest GaI vacancies. For the complex Sii9–2VGaI, the transition 
level ε(2-/1-) is in the conduction band, see Figure 5(d). This complex 
may act as trap levels for electrons, influencing n-type conductivity 
negatively. Our findings correlate well with the conclusions presented in 
Johnson et al. [42]. Significantly higher values of the formation energy 
estimated for the complex Sii5–2VGaI compared to Sii9–2VGaI allowed us 
to exclude it from further analysis of Si K edge XANES data (see 
Figure S5). The considered Sii9–2VGaI complex can be obtained by 
attracting VGaI towards Sii9, so the formation energy of the Sii9–1VGaI 
complex was estimated. This complex introduces a localized electronic 
state within the conduction band (ε(1/0) at 0.358 eV with respect to the 
conduction band minimum, see Figure 5(d). The energy of its formation 
is higher the energy of SiGaI formation, but, considering the 
above-mentioned non-equilibrium process during implantation, the 
formation of such a complex cannot be excluded. The complexes of Sii 
with one or two SiGaI were also tested to understand the possible 
interstitial/substitutional Si atom clustering. The analysis revealed that 
both are donors but do not prefer to form (Figure S6), consequently, 
these complexes were not considered in the following analysis. With the 
above considerations, we proceeded to interpret the XANES data.

Figure 4(c) compares the theoretical Si K edge XANES spectra for the 
models selected by DFT (shown in Fig. 5) with a group of experimental 
spectra at different TS. A qualitative analysis of the spectra indicates (i) 
the presence of randomly distributed regions of SiO2 (Figure 4(b)), (ii) a 
decrease in the number of SiGaI, and (iii) a simultaneous increase in the 
number of complexes including Sii with increasing TS. To achieve the 
best agreement between theory and experiment, the previously 
described approach [54] was used, in which linearized combinations of 
the calculated spectra with different weighting factors were constructed. 
The differential evolution procedure was employed as a minimization 
procedure to identify the optimal model weighting coefficients [55]. 
Table 1 presents the models with their estimated weights, and the 
spectra obtained by a linear combination routine are marked as red open 
circles in Figure 4(c). It should be noted that this procedure provides a 
very rough estimate of the weights, offering only a numerical trend, as 
the theory itself has limitations in accurately calculating the intensity of 
the resonances. Despite this limitation, we assume that such an estimate 
allows to trace the dependence observed in the experiment in more 
detail. First, as seen in Table 1, it is observed that the number of silicon 
atoms representing SiO2 nano-inclusions remains nearly constant across 
all TS, indicating that it does not depend on the substrate temperature 
during implantation. The same is true for the complex Sii9–2VGaI. On the 
other hand, the weight of the complex Sii9–1VGaI is zero for TS=300 ◦C; it 
increases and remains nearly constant for TS=500–600 ◦C, reaching a 

maximum value of about 0.05 at % for TS=800 ◦C. In contrast, the 
number of SiGaI decreases with increasing TS. Let us point out that ac
cording to our DFT calculations (Figure S4(a)), SiGaI defects do not 
preferentially form complexes like SiGaI-SiGaI.

Figures S7-S8 illustrate the relaxed structures of the considered 
models with complexes after the relaxation procedure. Interstitial silicon 
atom belonging to a complex with one vacancy is displaced into the 
channels along [201] direction more strongly than in case of the 
Sii9–2VGaI complex. Furthermore, the Sii9–2VGaI complexes attract each 
other (Figure 5(b)). Consequently, if the Sii9–2VGaI - Sii9–2VGaI/ 
(Sii9–1VGaI - Sii9–1VGaI) complexes are attracted, the silicon atoms 
belonging to these complexes are ’screened’/(‘non screened’) by the 
host matrix atoms, rendering them ‘invisible’/(‘visible’) to the Si PIXE/c 
along the [201] direction, respectively (see Figure S8). Based on the data 
reported in Figures 5(b) and S7–8, we can assume that the channel yields 
of Si revealed in the PIXE/c angular distributions spectra in [201] di
rection shown in Fig. 2 most likely represent silicon atoms bound to the 
Sii9–1VGaI complex and the silicon dioxide nano-inclusions. Considering 
the above, it is also logical to assume that a larger number of the 
considered complexes may lead to the formation of nano-voids in the 
host matrix. Moreover, we attribute the discrepancy between the pres
ence of interstitial Si atoms in the system with TS = 400 - 600 ◦C, as 
determined by Si K edge XANES analysis and presented in Table 1, and 
their absence in the RBS/PIXE/c measurements compared to TS = 700 – 
800 ◦C data, as observed in Fig. 2, to the influence of the mosaicity of the 
system under study on RBS/PIXE channeling measurements. This phe
nomenon was investigated by De Vries, who concluded that mosaicity 
influences the channeling profiles, causing them to broaden and become 
less intense [56]. Thus, the data presented in Table 1 do not contradict 
the RBS/PIXE/c studies. The results presented in Table 1 demonstrate 
that among the samples studied, the substrate temperature TS = 800 ◦C 
during the implantation is optimal in terms of crystallographic proper
ties. Firstly, HR XRD studies revealed that this sample exhibited the 
lowest structural disorder and strain levels. Secondly, TEM analysis 
indicated the lowest number of extended defects in this sample. 
Furthermore, the analysis of the Si K edge XANES data, in conjunction 
with DFT calculations, showed that for this sample, excluding the 
parasitic randomly distributed SiO₂ nano-inclusions, approximately 60 
% of the silicon atoms are involved in complexes that act as donors, 
promoting n-type conduction. However, approximately 40 % of the 
implanted silicon atoms form complexes that act as traps for conduction 
electrons. Notably, in addition to the SiGaI atoms discussed previously in 
the literature, the Sii atoms in complexes investigated in the present 
work also contribute to n-type conduction. The number of interstitial Si 
atoms positively contributing to the n-type conductivity is approxi
mately twice as large as the substituted ones.

TEM analysis revealed a significant change in the distribution of the 
SiO2 phase in samples implanted at higher temperatures (TS = 600, 800 
◦C) compared to TS = 300 ◦C. The fast Fourier transform (FFT) analysis 
of the highlighted area in Figure 6(a) shows only β-phase. STEM analysis 
of the sample with TS = 800 ◦C shows significantly less damage, which 
agrees well with XRD, RBS/PIXE/c, and Si K edge XANES data analysis, 
with no direct observation of extended defects such as dislocations. 
Moreover, selected area diffraction (SAD) analysis (Figure 6(d)) shows 
no second phases. To understand the presence of numerous light spots 
visible in Figure 6(d) for the sample with the highest TS, we referred to 
the HAADF-STEM study [57], where the observed nano-sized voids were 
retained within the β-Ga2O3 structure due to high-temperature anneal
ing during (or after) ion implantation. Such an effect has been observed 
and extensively discussed in the literature, for example, in the GaAs:Mn 
system [58,59]. The existence of the γ-phase [57,60] and the formation 
of nano-voids [57] are both plausible and documented phenomena 
resulting from ion implantation. The predominance of one over the 
other can depend on specific experimental conditions like ion dose, 
energy, and annealing parameters. Due to the fundamental nature of 
defect aggregation under high-energy conditions, the formation of 

Table 1 
Results of a linear combination of theoretical Si K edge XANES spectra obtained 
using the differential evolution procedure: weights (left value) vs. at % (right 
value) for a defect/complex, reported together with σ2, which is a measure of the 
mean square of the discrepancy between the calculated and experimental values 
at each data point. It should be noted that this procedure results in a rough es
timate of the weights, providing only a numerical trend, given the discrepancy 
between theory and experiment in the context of the intensity of the calculated 
resonances. Here, SiGaI denotes substitutional Si at the GaI site, VGaI refers to a 
gallium vacancy at the GaI site, and Sii9 represent interstitial Si defects. The 
notation for interstitial defect position follows [48].

TS, ◦C SiGaI Sii9 - 1VGaI Sii9 - 2VGaI SiO2 σ2

300 0.49/0.10 0.00/0.00 0.24/0.05 0.27/0.05 0.051
500 0.26/0.05 0.07/0.01 0.32/0.06 0.34/0.07 0.047
600 0.20/0.04 0.10/0.02 0.32/0.06 0.38/0.08 0.047
800 0.14/0.03 0.23/0.05 0.28/0.06 0.34/0.07 0.042
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nano-voids is a more universally accepted and observed phenomenon 
across various materials subjected to ion implantation. Nevertheless, the 
stabilization of the γ-phase is more specific to β-Ga2O3 and its unique 
response to implantation and annealing conditions [60]. Consequently, 
considering that the implantation process took 8 h to deliver the 
necessary amount of the dopant content and to avoid mechanical 
destruction of the β-Ga2O3 (100) surface, we are more inclined to as
sume that revealed spots represent nano-voids rather than Si-rich, SiO2, 
or γ-phase inclusions.

4. Conclusions

Our investigation confirms that the high-temperature implantation 
parameters employed do not induce mechanical degradation of the 
sample surface. By utilizing complementary XRD, XANES, RBS/PIXE/c, 
and TEM analyses, we examine lattice deformation, identify the local 
environment of dopants, and assess local structure modifications, 
including the presence of extended defects such as edge dislocations and 
stacking faults resulting from ion bombardment onto the heated sub
strate. Comprehensive analysis of the data reveals the existence of 
defect/complexes such as SiGaI, Sii9-1VGaI, and Sii9–2VGaI, as well as the 
presence of the SiO2 phase. DFT calculations support the experimental 
findings, confirming that all considered complexes, except Sii9–2VGaI, 
act as donors, positively influencing n-type conductivity. Notably, no 
β-phase transformation was observed during implantation, even at the 
lowest substrate temperature. The formation of nano-voids in the sample 
implanted at TS = 800 ◦C is presumably the result of the interplay be
tween defect creation, migration, and aggregation. A detailed under
standing of these mechanisms is necessary to optimize implantation 
processes and improve the properties of implanted β-Ga2O3 (100).
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[59] A. Kovács, J. Sadowski, T. Kasama, J. Domagała, R. Mathieu, T. Dietl, R.E. Dunin- 
Borkowski, Voids and Mn-rich inclusions in a (Ga,Mn)As ferromagnetic 
semiconductor investigated by transmission electron microscopy, J. Appl. Phys. 
109 (2011) 083546.

[60] H.L. Huang, C. Chae, J.M. Johnson, A. Senckowski, S. Sharma, U. Singisetti, M. 
H. Wong, J. Hwang, Atomic scale defect formation and phase transformation in Si 
implanted β-Ga2O3, APL. Mater. 11 (2023) 061113.

[61] M. Peres, K. Lorenz, E. Alves, E. Nogales, B. Méndez, X. Biquard, B. Daudin, E. 
G. Víllora, K. Shimamura, Doping β-Ga2O3 with europium: influence of the 
implantation and annealing temperature, J. Phys. D: Appl. Phys. 50 (2017) 
325101.
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