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(AlxGa1−x)2O3 is a novel ultra-wide bandgap semiconductor with the potential to dominate future power
electronics industries. High-performance devices demand high Al content in (AlxGa1−x)2O3 but are limited by
crystallinity degradation resulting from phase separation. Additionally, the solubility limit of Al is still under
debate, and conclusive research is in progress. (AlxGa1−x)2O3 is also limited in high-frequency applications owing
to low carrier mobility and requires n-type doping. For commercializing this material, the major obstacle is
understanding dopant’s behavior in the host (AlxGa1−x)2O3. To investigate these issues, an advanced
characterization technique, atom probe tomography (APT), was employed to analyze the structural-chemical
evolution of (AlxGa1−x)2O3. In this review, we summarized our recent works on the structure-chemistry
investigation of (AlxGa1−x)2O3 with alloy composition and doping interaction. We introduced machine learning
algorithms on APT data to reveal unrivaled knowledge, previously not achievable with conventional
methodologies. The outstanding capabilities of APT to study (AlxGa1−x)2O3 with Al composition and doping will
be considered significant for the wide bandgap semiconductors community.
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and power electronics devices. Her research interests span the areas of power electronics, optoelectronics,
wide band gap semiconductors and oxide electronic materials. Her research mainly focuses on establishing
processing-structure-chemistry-property-performance correlations for design and development of advanced
materials.

Introduction
Over the last few decades, the comparatively low performance

of conventional Si technology to meet the increasing demands

for high-power, high-frequency, and high-temperature opera-

tions has led researchers to look for alternative materials with

superior properties [1]. Wide bandgap semiconductors like

SiC and GaN exhibited excellent properties compared with

their Si counterparts; the large bandgap allowing a high breakdown

field (<2 MV/cm), high saturation velocity (<2 × 107 cm/s), and

high electron mobility (<1000 cm2/v s) [2, 3, 4, 5, 6, 7, 8]. The

increasing demand for devices with higher breakdown and sus-

tainability at higher temperature requires a material with even

higher band gap compared with SiC (3.3 eV) and GaN (3.4 eV)

[7]. Ga2O3, with its exceptionally higher bandgap of ∼4.85 eV
with a predicted breakdown field of ∼8 MV/cm as well as its

ability to form high-quality heterostructures [7], has gained sig-

nificant attention in the power electronics industry for high-

power, high-temperature applications. These properties make

Ga2O3 ideal candidates for high-power, high-frequency switch-

ing, photodetectors, electric vehicles, and lightweight systems
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like drones, quantum information, and extreme environment

applications [7, 8]. Figure 1 shows some potential applications

and outstanding properties of Ga2O3 based materials compared

with other wide bandgap semiconductors. Due to the similar

electronic structure of Ga and Al with Al2O3 exhibiting a

higher bandgap [9], it was possible to widen the bandgap of

Ga2O3 by alloying it with Al, resulting in (AlxGa1−x)2O3 with

a tunable ultra-wide bandgap of 4.8 eV (β-Ga2O3) to 8.7 eV

(α-Al2O3) [10] depending on Al content. (AlxGa1−x)2O3 has

shown unique properties including enhanced predicted break-

down strength with an improved chemical and thermal stability

[10, 11], making it highly desirable for high power electronics

and deep ultraviolet optical applications [9, 12]. The bandgap

in (AlxGa1−x)2O3 tends to increase monotonically with the

incorporation of Al content [12, 13] that forms (AlxGa1−x)2O3-

/Ga
2
O3 heterostructures with large band offset [9]. This ele-

vated bandgap has enabled successful realization of (AlxGa1

−x)2O3 based field-effect transistors [11, 14, 15, 16], Schottky

barrier diodes [17, 18], and photodetectors [19, 20, 21].

As the bandgap increases with Al content [10, 12, 13, 22,

23, 24], it was expected that the device fabricated with

(AlxGa1−x)2O3 with high Al content would offer even higher

efficiency. However, significantly degraded device efficiency

was reported at high Al content beyond ∼25% [20, 25]. This

reduced efficiency is due to the crystallinity degradation of

(AlxGa1−x)2O3, arising from the solubility limit of corundum

Al2O3 in monoclinic Ga2O3 beyond a certain Al content [10,

12, 26, 27, 28, 29, 30]. The theoretically predicted solubility

limit of Al in (AlxGa1−x)2O3 was ∼60% [31, 32]. The experi-

mental verifications of the Al inclusion range using X-ray dif-

fraction (XRD) [26, 30], transmission electron microscopy

(TEM) [23, 28], atomic force microscopy (AFM) [23, 33],

and energy dispersive X-ray analysis (EDX) [26] varied over

a wide range of Al content from 27% [34] to 78% [12]. The

contrasting results obtained using these tools had left the solu-

bility limit of Al in (AlxGa1−x)2O3 as undetermined. A concrete

conclusion could not be drawn about the Al inclusion limit

using these methods due to a lack of atomic level information

on structure and composition with varying Al content. Even if

the solubility limit of Al in (AlxGa1−x)2O3 is experimentally

verified and (AlxGa1−x)2O3 with high Al content would facili-

tate higher device breakdown, the low carrier mobility of

(AlxGa1−x)2O3 would still impose a critical challenge for realiz-

ing high-frequency devices [7]. Therefore, n-type doping is

necessary for these devices to perform up to their theoretical

limit [35, 36, 37]. N-type doping in (AlxGa1−x)2O3 is in its

early stage. Although several groups confirmed dopant incor-

porations in (AlxGa1−x)2O3 [37, 38], a detailed understanding

of dopant behavior including dopant distribution with three-

dimensional (3D) atomic positions within the structure, dopant

segregation, and specific site occupancy is still lacking. A com-

prehensive study of the dopant chemistry and its influence on

the electrical properties in (AlxGa1−x)2O3 is required for high-

performance device realization since doping in wide bandgap

material has been a long-standing challenge due to self-

compensation of dopants [39, 40, 41, 42, 43, 44]. Since the

phase instability and difficulties in n-type doping are correlated

with changes in atomic-level microstructure and chemical

compositions, it is extremely important to understand the sub-

atomic structural chemistry of (AlxGa1−x)2O3 with varying

alloy composition as well as n-type doping that requires an

advanced nanoscale characterization.

The nanoscale characterization is crucial because micro-

structure and chemical features of semiconductors primarily

dictate the localized physical and chemical entities, and there-

fore dictate the device efficiencies. These features include tiny

precipitates or elemental segregations, impurity diffusions,

interface quality, dopant profile distribution, local composition

fluctuations, as well as a different form of structural or crystal

defects, including lattice mismatch, grain boundaries, point

defects, and dislocations [45]. The necessity and difficulty of

studying these structural features has motivated the develop-

ment of several high-resolution microscopic techniques such

as scanning electron microscopy (SEM), scanning transmission

Figure 1: (a) Potential high-power applications of Ga2O3 based wide bandgap technology (image acquired from http://www.semiconductor-today.com/news_i-
tems/2012/JAN/NICT_160112.html); (b) pentagon showing outstanding properties of wide bandgap materials over conventional Si based technology.
Reprinted with permission from Ref. [7] with the permission of AIP Publishing.
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electron microscopy (STEM), secondary ion mass spectroscopy

(SIMS), scanning capacitance microscopy (SCM), and scanning

probe microscopy (SPM) [46, 47, 48, 49, 50]. Among these

techniques, STEM and SIMS are standard characterization

tools whose capability can be extended down to a length

scale of ∼100 nm [51]. STEM can provide crystallographic

information with high spatial resolution and an accurate

atomic-scale structure in projection [52]. However, to measure

chemical compositions, it requires ancillary techniques like

electron energy loss spectroscopy (EELS) or energy-dispersive

X-ray spectroscopy (EDS) [52, 53]. SIMS uses a mass spectrom-

etry approach to chemically identify the ions, thus provides

more accurate compositional information compared with indi-

rect methods (like EELS and EDS) adapted in TEM [53].

Despite improved chemical composition obtained in SIMS,

the planar (x, y) positional information of individual atoms

is not preserved due to uncontrolled dislodging of atoms via

sputtering. These limitations imposed serious challenges for

the existing characterization techniques in exact 3D imaging

at the subatomic level, particularly when the features of interest

are smaller than the specimen thickness (∼10–100 nm) [54].

These conventional techniques are less developed in revealing

atomic-level information such as powerful 3D mapping capa-

bility, quantification accuracy, high spatial resolutions, detect-

ing all elements with equal sensitivity, small diffusions in

buried ∼1 nm interface, and in complex nanoscale or multi-

layer structures. Such limitations have led to the development

of an advanced characterization technique, atom probe tomog-

raphy (APT), to fill the information void. APT combined with

field ion microscopy (FIM) and time-of-flight (TOF) spectro-

scopy [55] is a powerful characterization technique that enables

direct 3D visualization of complex structure and chemistry at

the atomic level with very high sensitivity [10 atomic parts

per million (appm)] [45, 56] as well as near-atomic spatial

and chemical resolution [57]. Over the last decade, APT has

been widely used to study the atomic-level structural chemistry

including local elemental segregation/clustering, layer homoge-

neity, interface RMS roughness, adatoms diffusions across the

interfaces in wide bandgap semiconductors, and their hetero-

structures to explain local chemical and physical properties

that directly manipulate the corresponding electrical/optical

devices [18, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69]. In

addition to all these capabilities, atom collection in APT exper-

iments provides their position coordinates, TOF, and

mass-to-charge states (m/q) of each atom [57]. These parame-

ters can be trained via advanced data mining (unsupervised

machine learning algorithms) to extract patterns in APT data

to predict additional material features such as phase informa-

tion [70], isotope discrimination [71], crystallographic orienta-

tions [72], and automated cluster detection and identifying

uncertainty in user-defined precipitates/clustering [73].

Recently, we have published a series of papers on the

atomic-scale structure-chemistry analysis of (AlxGa1−x)2O3

using APT. We demonstrated how APT along with advanced

statistical analysis tools can reveal the material information

that are critical for design of new ultra-wide bandgap materials

for future power electronics applications. In this article, we pre-

sent a comprehensive review on the recent progress of the

advanced characterization of (AlxGa1−x)2O3 using APT that

provides direct insight on the atomic-level evolution of

(AlxGa1−x)2O3 films with varying alloy composition. How the

change in Al content in (AlxGa1−x)2O3 affects the subsequent

chemical and physical properties is reviewed. The adaptation

of advanced machine learning on APT data was emphasized

to predict phase transformations in this alloy without any sup-

porting characterization tools. The detection, quantification,

and distribution of n-type dopants in (AlxGa1−x)2O3 crystals

were demonstrated. Moreover, the capability of APT to assess

the nearest-neighbor distribution of n-type dopants in

(AlxGa1−x)2O3 provides a new insight to the doping interaction

in this material.

Experiments
To obtain a rich data set in the APT experiment that would

reveal significant information about the atomic-level structure

and compositions of the materials, certain procedure is fol-

lowed from preparing the needle-shaped specimen from any

given bulk wafer till advanced data analysis. Similar to different

materials, ranging from metals to semiconductors, atom probe

experiments for wide bandgap (AlxGa1−x)2O3 were carried out

in three steps: (i) needle-shaped specimen preparation, (ii) data

acquisition, and (iii) tip reconstruction and subsequent data

analysis [74, 75, 76, 77]. In the following sub-sections, we

will provide a brief description of each step.

Specimen preparation

Specimen preparation is the most critical step in APT since the

field evaporation of atoms by directly probing the surface of a

bulk wafer is not feasible [78]. The field evaporation and collec-

tion of atoms requires the application of a very large electric

field (20–40 V/nm) to the sample [79]. These fields can only

be achieved by geometric field enhancement. This field was

realized by preparing the specimen apex with a radius of cur-

vature of 50–100 nm for a wide range of materials. Also, the

applied field interacts not only with the sharpened tip but

also with other features within reasonable proximity (several

mm) of the sharpened tip. Therefore, maintaining the electric

field required for evaporation requires long, sharp needle-

shaped specimens with no material in proximity of the tip

[79]. The requirement for most of the APT specimen is similar
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to a certain degree for all the material system: (i) the specimen

should be sharp with an end radius of ∼100 nm to allow field

evaporation, (ii) it should be mechanically robust to sustain the

evaporation process under high electric field, and (iii) the fea-

ture or region of interest must be in the near apex region of the

tip so that it lies within the collection of evaporated ions

(before the premature rupture of specimen or experiment is

aborted) [80]. Premature specimen fracture is likely to occur

in heterostructure samples as the voltage-induced stress is

more likely to exceed the mechanical stability of the tip, espe-

cially while passing through the interfaces [81, 82]. Focused ion

beam (FIB)-based lift-out and annular milling was performed

as outlined by Larson et al. [57, 75, 83, 84] for sample prepa-

ration. This method is most widely used for APT specimen

preparation, especially, when multilayer semiconductor materi-

als are involved [85]. Prior to the APT specimen preparation, a

Ni cap layer of ∼50 nm was deposited over all the (AlxGa1−x)2O3

films to protect them from Ga induced surface damages and

contaminations. The steps of the site-specific specimen prepa-

ration are illustrated in Fig. 2. Trenches were milled in three

sides around the area of interest protected by Pt capping as

shown in Fig. 2(a). The wedge was removed from the wafer

by attaching a micromanipulator to the already cut and free

left end of the wedge with subsequent cutting of the wedge

from the right end that was attached to the bulk wafer as illus-

trated in Fig. 2(b). The lifted-out wedge was adjoined on a Si

micro-post by Pt deposition as shown in Fig. 2(c). The wedge

is then cut free from the micro-post by ion beam milling

[Fig. 2(d)], and rest of the wedge attached to the micromanip-

ulator was transferred to other empty Si posts. Pt was deposited

on the opposite sides of the wedge-Si post interfaces [Fig. 2(e)].

Sharpening of the mounted post was performed by annular

milling followed by 2 kV Ga ion beam cleaning resulting in

the needle-shaped APT specimen as shown in Fig. 2(f). Most

of the protective Ni cap layers that were deposited before start-

ing the specimen preparations were removed during the 2 kV

sharpening process, and only ∼5 nm of the Ni layer at the

top of the needle was left intentionally. This remaining Ni

layer provided the time required for the optimization of the

APT experiment condition prior to the acquisition of ions

from the (AlxGa1−x)2O3 layers begin. These protective Ni layers

were excluded during the 3D atomic reconstructions (the "3D

atomic reconstruction of the original specimen and subsequent

data analysis" section) and data analysis (the "Results section).

Data acquisition

The data acquisition from the specimens is conducted by the

field evaporation of ions from the specimen surface [70].

Figure 3 shows a schematic of the operating principle of

APT. In the data acquisition stage, the atoms are sequentially

extracted from the needle-shaped surface by controlled field

evaporation. This field evaporation is initiated by first ionizing

the surface atoms under an intense electrostatic field and then

emitting the ions from the tip apex by applying ultrafast laser

pulses (355 nm wavelength ultraviolet laser equipped in a

CAMECA LEAP 5000 XR atom probe system [86]). Since

wide bandgap semiconductor tips may exhibit poor response

to laser pulsing, it is critical to optimize the APT experimental

conditions, especially the base specimen temperature and pulse

energy beforehand [80]. Experimental parameters including

temperature (K), pulse repetition rate (kHz), laser pulse energy

(pJ), and evaporation rate (ions per pulse) were optimized to

ensure efficient data acquisition from (AlxGa1−x)2O3 tips con-

taining layered structure with varying Al content [28, 29, 87,

88]. The evaporated ions from individual layers are projected

and collected in a position-sensitive detector (PSD) that pro-

vides the TOF and detection event in 2D positions [89]

which is used in the reconstruction of the 3D tip image and

data analysis.

3D atomic reconstruction of the original specimen
and subsequent data analysis

CAMECA’s Integrated Visualization and Analysis Software

(IVAS 3.8.5a34) was used for the tip reconstruction of the col-

lected APT data. The TOF of all collected ions is transformed

Figure 2: Methodologies of APT specimen preparation from the bulk substrate
to final needle-shaped (AlxGa1−x)2O3 films step by step using FIB-based
nanofabrication.

Invited Feature Paper – Review

▪
Jo
ur
na
lo

f
M
at
er
ia
ls
Re
se
ar
ch
▪

20
20
▪

w
w
w
.m
rs
.o
rg
/jm

r

© The Author(s), 2020, published on behalf of Materials Research Society by Cambridge University Press cambridge.org/JMR 4

ht
tp

s:
//

do
i.o

rg
/1

0.
15

57
/jm

r.
20

20
.2

68
 P

ub
lis

he
d 

on
lin

e 
by

 C
am

br
id

ge
 U

ni
ve

rs
ity

 P
re

ss

http://www.mrs.org/jmr
http://www.cambridge.org/JMR
https://doi.org/10.1557/jmr.2020.268


into the mass-to-charge state ratio (m/n) which resolves into

the mass spectrum [57]. The quality and accuracy of the data

is enhanced by background correction of the mass spectrum

[57, 89]. The 3D atom maps of the probed regions were recon-

structed in IVAS by following the tip profile method from high

magnification SEM images of the tips [57]. IVAS and MATLAB

were used for data analysis (structural chemistry of (AlxGa1

−x)2O3 films). Due to large amount of ions collected in APT,

some material features are suppressed or remain as “concealed”

within the massive data set [71]. The advanced data mining

strategy was employed to train unprocessed APT data and

extract hidden patterns in data to predict material properties

such as phase transformation.

Results
Phase transformations of (AlxGa1−x)2O3

The change in the atomic-level structure and chemical compo-

sition of (AlxGa1−x)2O3 at Al content, x > 0.25, results in a

degraded crystallinity of the films [28, 29, 87, 88] limiting the

solubility of α-Al2O3 in β-Ga2O3. This crystal degradation

was attributed to the phase separations in (AlxGa1−x)2O3 at

high Al content [10, 26, 28, 29, 30]. Since the phase purity is

related to film’s homogeneity with well-defined Al/Ga stoichi-

ometry at the atomic level, it is required to study the change in

the atomic-level structure and chemistry of (AlxGa1−x)2O3 with

Al to conclusively determine the Al solubility limit in this alloy.

Theoretical studies suggested that elemental segregations are

introduced within alloys during phase transformations [90,

91]. APT is capable of providing information about such

phase transformations by mapping atomic-scale compositional

variations within the materials by revealing the presence of

local segregations or inhomogeneity associated with different

chemical phases [92, 93, 94]. Very recently, APT was employed

to investigate the corresponding change of the atomic-level

structural chemistry of (AlxGa1−x)2O3 with Al content to

observe phase transformation of this alloy [87, 88].

Two different (AlxGa1−x)2O3 structures with Al content,

x = 0.20 and 0.50, were investigated for comparing their struc-

tural chemistry. The details of the materials’ structures are

reported in Ref. [87]. A volume of 50 nm × 50 nm × 4 nm

region was extracted from the bulk region of both

(Al0.20Ga0.80)2O3 and (Al0.50Ga0.50)2O3 films to investigate the

homogeneity of the films in terms of elemental distribution

as shown in Figs. 4(a) and 4(d), respectively. Figure 4(b) depicts

the local Al distribution along the lateral XY plane in the

(Al0.20Ga0.80)2O3 films. Almost homogeneous Al distribution

is observed with only 1–2 at.% fluctuations in Al composition.

No significant Al segregation was observed, suggesting desired

stoichiometry was maintained. The film homogeneity was con-

firmed via the statistical frequency distribution analysis (FDA)

method as shown in Fig. 4(c). In FDA, if the observed elemen-

tal distribution resembles with a binomial fitting, this would

suggest a homogeneous elemental distribution, while the devi-

ation of the observed distribution from the binomial fitting

would indicate statistically significant elemental segregations

[94]. For (Al0.20Ga0.80)2O3 films, the observed frequency

count of Al is fitting with the random binomial distribution,

suggesting homogeneous (AlxGa1−x)2O3 layers. A similar com-

positional analysis was performed in the bulk region of the

(Al0.5Ga0.5)2O3 layer. The lateral Al distribution shows severe

fluctuations of 10–12 at.% in Al composition identified by

the Al-segregated regions (∼25 at.% Al) and Al-depleted

(∼15 at.%) regions as shown in Fig. 4(e). The subsequent

FDA analysis of Al distribution in Fig. 4(f) shows a significant

deviation from the randomness, suggesting the inhomogeneous

(Al0.5Ga0.5)2O3 layer. The reported Pearson coefficient (μ) was

0.8 with a P-value of <0.0001. This high Pearson coefficient

Figure 3: Schematic presentation of APT operating principle; the field evaporated atoms from the specimen surface by laser pulsing are collected on PSD. PSD
records the TOF and position of impact for each and every detected atom.
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with low P-value confirms that a statistically significant amount

of segregation is present in the layer with a 95% confidence

level during the null hypothesis testing. These results indicate

that, at high Al content (x = 0.50), the film homogeneity and

stoichiometry are not maintained.

This stoichiometric deviation at high Al content was

inferred to appear from the presence of different chemical

phases. This was confirmed by comparing APT results with

TEM and nano-diffraction patterns as shown in Fig. 5.

Figure 5(a) shows the lateral distribution of Al/Ga ratio.

Existence of Al-rich and Ga-rich regions are observed through-

out the plane resulting from the deviations in expected 50:50

ratios of Al and Ga. These Al-rich and Al-depleted regions

imply different chemical phases in the (Al0.5Ga0.5)2O3 layers.

The variation in chemical phases was confirmed by high-angle

annular dark-field scanning electron microscopy (HAADF

STEM) imaging of the (Al0.5Ga0.5)2O3/β-Ga2O3 structure as

shown in Fig. 5(b). The (010) β-Ga2O3 substrate shows uni-

form color contrast, suggesting the homogeneous layer while

a contrast variation is observed in (Al0.5Ga0.5)2O3 resulting

from chemical segregation (inhomogeneity) in this layer. This

indicates the presence of different chemical phases within the

(Al0.5Ga0.5)2O3 layer. Phase segregation of this (Al0.5Ga0.5)2O3

film was studied by the nano-diffraction pattern with respect

to the (010) β-Ga2O3 substrate. The nano-diffraction pattern

of the pure monoclinic β-Ga2O3 substrate is shown in Fig. 5

(c). The nano-diffraction pattern for (Al0.5Ga0.5)2O3 in Fig. 5

(d) displays additional spots which were not present in pure

monoclinic β-Ga2O3 in Fig. 5(c). This suggests that an addi-

tional phase is present in (Al0.5Ga0.5)2O3 which can be corre-

lated to the chemical segregations observed in this layer. This

study reveals that chemical heterogeneity observed in APT

can be attributed to phase segregations in wide bandgap alloys.

Such compositional heterogeneity that leads to the phase segre-

gations in (AlxGa1−x)2O3 may be attributed to the different sur-

face mobilities of Al and Ga adatoms [87]. Ga atoms with

higher adatom mobility can easily drift and are distributed uni-

formly on the surface, while Al atoms with low surface mobility

tend to develop segregated regions that potentially contribute

to the observed compositional fluctuations [87, 88].

Since APT is capable of providing the most accurate infor-

mation about phase transformations with varying alloy con-

tent, a systematic study was conducted to determine the

phase transformations in (AlxGa1−x)2O3 for a wide Al content

range of x = 0.1–1.0 [28]. The analyzed structures are depicted

in Fig. 6, and details about this structure is reported in

Ref. [38]. Figure 6(a) shows the schematic of the (AlxGa1

−x)2O3 layered heterostructure grown on β-Ga2O3 substrates

where Al composition was varied from 10 to 100% with a

thickness of 20 nm for each layer. Figure 6(b) shows the

Al/Ga ratio along the growth showing the stoichiometry was

maintained and the grown (AlxGa1−x)2O3 is ideal for studying

the phase transformation.

Figure 7(a) shows the reconstructed 3D atom map with red

and blue dots representing Al and Ga atoms, respectively. The

change in the density of red and blue dots indicates the change

Figure 4: (a) Schematic of the (Al0.2Ga0.8)2O3/
Ga2O3 structure with a black box region show-
ing the volume extracted for analysis, (b) lat-
eral Al distribution within the bulk of the
(Al0.2Ga0.8)2O3 layer, (c) FDA analysis of Al dis-
tribution in (Al0.2Ga0.8)2O3 (Pearson coeffi-
cient, μ = 0.1, P-value = 0.2), (d) schematic of
the (Al0.5Ga0.5)2O3/Ga2O3 structure with a
black box region showing the volume
extracted for analysis, (e) lateral Al distribution
within the bulk of the (Al0.5Ga0.5)2O3 layer,
and (f) FDA analysis of Al distribution in
(Al0.5Ga0.5)2O3 (Pearson coefficient, μ = 0.8,
P-value <0.001). Reprinted with permission
from Ref. [87] with the permission of AIP
Publishing.
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in alloy chemistry along the growth. Due to the large number of

ions collected, it is difficult to discriminate each (AlxGa1−x)2O3

layer with different Al composition. The lateral chemistry in

each layer was investigated by plotting the lateral Al/O ratio

as shown in Figs. 7(b)–7( j). For this, 4-nm-thick volumes

from the bulk region of each (AlxGa1−x)2O3 layers were

extracted to eliminate interfacial effects (adatoms diffusion

from top or bottom layers) as explained in Fig. 7(a). At low

Al content (x = 10–20%), a nearly homogeneous distribution

was observed as shown in Figs. 7(b) and 7(c). This elemental

homogeneity is an indication of single-phase stable crystalline

(AlxGa1−x)2O3 films. Within this Al content range, the

(AlxGa1−x)2O3 films are single monoclinic β-phase stable [10,

12, 23, 26, 30, 33, 95, 96]. As the Al content increases, severely

Al-segregated regions appear, as shown in Figs. 7(d)–7(g), sug-

gesting degraded crystallinity due to the co-existence of differ-

ent chemical phases of (AlxGa1−x)2O3 films within this Al

content range. When the Al content is even higher (x = 0.60–

1.0), the elemental heterogeneity starts decreasing and homoge-

neous Al/O distribution is observed as illustrated in Figs. 7(h)–

7( j). This regained homogeneity in Al/O distribution with

increasing Al content is an indication of the formation of

new crystalline α, γ, or η-phase [10, 26, 27, 28]. The corre-

sponding FDA plots (with bin size = 300 atoms) for Al

Figure 5: (a) Al/Ga composition ratio in bulk
(Al0.5Ga0.5)2O3 films and (b) HAADF STEM
image of the (Al0.5Ga0.5)2O3/β-Ga2O3 structure,
the intensity line profile across the white arrow
(inset). Nano-diffraction patterns (probe size =
1 nm) from (c) β-Ga2O3 and (d) (Al0.5Ga0.5)2O3

shown in (b). Reprinted with permission from
Ref. [87] with the permission of AIP Publishing.

Figure 6: (a) Schematic diagram of the (AlxGa1−x)2O3

heterostructure with Al content x = 0.10–1.0 and
(b) Al/Ga ratio along the growth showing precisely
controlled stoichiometry [29].
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distribution to statistically quantify the layer’s homogeneity are

shown in Fig. 8. From the FDA results, it is obvious that, at low

Al content of x = 0.10–0.20, the observed Al distribution almost

aligns with the random binomial fitting with low value of

Pearson coefficient (μ). This suggests homogeneous Al distri-

bution in these layers. The FDA for layers with x = 0.30–0.50

Figure 7: (a) Reconstructed atom map of the (AlxGa1−x)2O3 layered heterostructure with Al composition varying from x = 10–100%, only Al and Ga atoms are
shown by red and blue dots, respectively; Lateral distribution Al/O concentration ratio in each layer with the Al composition of (b) x = 0.10, (c) x = 0.20,
(d) x = 0.30, (e) x = 0.40, (f) x = 0.45, (g) x = 0.50, (h) x = 0.60, (i) x = 0.80, and ( j) x = 1.0. Reprinted with permission from Ref. [29] with the permission of AIP Publishing.

Figure 8: FDA of each layer with Al
concentration: (a) x = 0.10, (b) x =
0.20, (c) x = 0.30, (d) x = 0.40, (e)
x = 0.45, (f ) x = 0.50, (g) x = 0.60,
(h) x = 0.80, and (i) x = 1.0 [28].
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demonstrates the extent of deviations in observed Al distribu-

tion from the binomial fitting with high value of Pearson coef-

ficient. This confirms statistically significant elemental

segregation within these layers indicating degraded crystallinity

resulting from different chemical phases. However, when the Al

content increases further (x = 0.60–1.0), the observed Al distri-

bution coincides with that of the binomial distribution followed

by low values of Pearson coefficient. This suggests that homo-

geneous Al distribution throughout the lateral planes is

achieved again indicating regained crystallinity. XRD was per-

formed to identify the phases present in the (AlxGa1−x)2O3

films with different Al compositions [28]. The XRD peaks

were identified as β-phase stable (AlxGa1−x)2O3 films at low

Al content (x = 0.10–0.20), while the XRD peaks were attrib-

uted to γ-phase (AlxGa1−x)2O3 at high Al contents (x > 0.50)

with the co-existence of mixed (β+γ)-phase when the Al con-

tent, x is in between (x = 0.20–0.50).

Machine learning in APT to study phase
transformation of (AlxGa1−x)2O3

Supporting characterization tools (STEM, nano-diffraction,

and XRD) were required to confirm if the (AlxGa1−x)2O3

film inhomogeneity or elemental (Al) segregation revealed by

APT were indicative of phase transformations due to varying

Al content. The reason is, some material features (phase tran-

sition for example) remain as “latent” within the huge amount

of data (ions) collected in APT [71, 97]. Very recently, an

unsupervised machine learning approach, principal component

analysis (PCA), has been applied to APT data to enable the

extraction of patterns from the unprocessed data set to capture

material’s phase-related information, which usually remains as

hidden due to high dimensionality of the data [29]. PCA

reduces the data dimensionality by transforming multi-

component quantities of directionally correlated variable sets

into a linearly uncorrelated variable set and still preserving

most of the information [97]. These transformed linearly

uncorrelated variable sets are the principal components (PCs)

in the dimensionally reduced data set. PCA generates principal

alignment directions on the basis of how much variance in the

data is captured. The variance of material features such as alloy

composition variation captured by these PCs is interpreted and

correlated to the corresponding material properties like phase

transitions [98]. In PCA analysis, principal component 1 (or

PC1) represents the direction of a variable that is mostly affect-

ing the data, while PC2 is the factor which is the second highest

in terms of variance. PCA was performed on the TOFs of ions

of (AlxGa1−x)2O3 with x = 0.10–1.0. The TOF for any specific

element being constant due to a fixed value of the correspond-

ing mass-to-charge state ratio, the shape of the TOF peaks

should retain the similar shape except the peak intensity

which would be subjected to change due to the change in the

alloy composition. This variation of TOF peaks will not be vis-

ible from the TOF spectrum of the entire heterostructure while

this peaks shape deviation can be observed when the entire

spectrum is sampled equally as shown in Figs. 9(a)–9(k). The

Figure 9: (a–k) Equal sampling of the TOF spectrum for the (AlxGa1−x)2O3 films with x = 0.10–1.0 by sectioning into equal volumes. The typical output of APT is an
image showing atom positions having a single TOF spectrum for the whole data set. The first step is to divide the sample into multiple sections, and each section
will have a respective TOF spectrum as shown in (b–k). Reprinted from Ref. [29] with the permission of AIP Publishing.
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differences in TOF peak shapes and intensities of one sampled

spectrum compared with next or previously sampled spectra

are arising from the change in the alloy composition. These

equally sampled spectra were provided as input to the PCA

to extract hidden patterns in these peak deviations to explore

phase-related information. The initial processing of the APT

TOF data and the algorithm used for the data dimensionality

reduction using PCA are described by the flowchart as

shown in Fig. 10. Figure 11 shows the PCA result where PC1

is capturing the change in alloy chemistry (Al/Ga ratio)

along with the growth which is the largest factor affecting the

data, while PC2 is reflecting the TOF peak changes, which is

the second most influential factor. From the PC1 versus PC2,

a linearly increasing trend up to x ≤ 0.30 is observed, this pos-

itive correlation between the variation of alloy composition and

peak shapes. This increasing trend was attributed to degrading

crystallinity. Positive correlation up to x ≤ 0.30 in PC1 versus

PC2 suggests that up until this alloy composition, (AlxGa1−x)2-
O

3
, the single-phase crystalline structure is retained. As men-

tioned earlier, within this Al composition range, the (AlxGa1

−x)2O3 films are β-phase stable. When x ≥ 0.30 and x ≤
0.50, no trend is observed within Al/Ga ratio and TOF peak

changes indicating PC1 and PC2 are negatively correlated.

This suggests that the presence of a degraded crystallinity

within this Al content range. When Al content, x > 0.50, a lin-

early decreasing trend is observed between PC1 and PC2. The

retention of this linear trend for x = 0.60–1.0 is suggesting that

the Al/Ga variation is positively correlated with the TOF peak

deviations, while the decreasing value of PC1-PC2 implies the

crystallinity is being restored as Al composition is increasing.

This result indicates a new crystalline phase formed. From

the XRD result, in this Al content range (x = 0.6–1.0), the

(AlxGa1−x)2O3 films are γ-phase stable. Thus, combining

APT with the data mining strategy, phase transformation is

determined without any supporting tool like STEM or nano-

diffraction. This study demonstrates that the capability of

APT can be extended to investigate not only the structural

chemistry of materials but also information about phase trans-

formation can be obtained.

Figure 10: The flow chart illustrating the
algorithm used to perform PCA on the
TOF of (AlxGa1−x)2O3 films with x = 0.1–
1.0. Reprinted from Ref. [29] with the per-
mission of AIP Publishing.

Figure 11: PCA showing phase transition in (AlxGa1−x)2O3 with x = 0.10–1.
Reprinted from Ref. [29] with the permission of AIP Publishing.
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Doping interaction in (AlxGa1−x)2O3 by APT

Dopant detection and dopant profile analysis

Extrinsic n-type doping is required to achieve high conductiv-

ity in (AlxGa1−x)2O3 since the intrinsic oxygen vacancies do

not contribute in conduction [35, 37]. To realize desired con-

ductivity, it is critical to address the issue with donor compen-

sation [39, 40, 41, 42, 43, 44] that leads to a low carrier mobility

at high doping level and adversely affects the electrical and

optical properties of the devices [99]. The mechanism of this

dopant compensation effect is still under debate. Some studies

proposed that n-type dopants involve in the formation of DX

transition centers that attributes to the self-compensation of

donors [100, 101, 102]. A DX transition center occurs when

a donor impurity captures two electrons and undergoes a

large lattice relaxation to transform into an acceptor, resulting

in fewer electrons available for conduction. Another factor that

is accounted for compensating knee is the material defects [99].

The formation of native defects such as cation vacancies (like

Ga vacancy, VGa or Al vacancy, VAl) associated with impurity

doping can be electrically favorable and tend to diffuse toward

the active bulk region [41]. The interaction of n-type dopants

with these native defects (VGa and VAl) results in the formation

of n-type dopant interstitial-III site vacancy defect complexes

(VGa-SiGa or VAl-SiAl for example) that act as charge trapping

centers. This leads to the compensating knee in wide bandgap

semiconductors like GaAs, GaN, AlGaN, and Ga2O3 [40, 43,

44, 99, 103]. N-type doping is found to be particularly chal-

lenging in the wide bandgap alloys when the alloy composition

is varied [36]. In AlxGa1−xN, it has been observed that n-type

doping at x > 0.70 is very challenging because of the drastic

increase of dopant activation energy followed by carrier com-

pensation due to deep level defects and deep Si DX centers

[104, 105, 106]. In Ge doped AlGaN, dopant atoms are

observed to form clusters at high Al content which was attrib-

uted to the increase in smaller Al–N bonds compared with

larger Ga–N and Ge–N bonds [107]. (AlxGa1−x)2O3 being a

similar class of material system, these above-stated issues may

impose difficulties in achieving the desired doping profile.

The n-type doping in (AlxGa1−x)2O3 is theoretically investi-

gated with group IV elements (C, Si, Sn, and Ge) and transition

metals (Hf, Zr, and Ta) as they are predicted to substitute on

cation sites [36]. Si was found to be the most suitable dopant

as it remains a shallow level donor even at the highest Al con-

tent while other dopants become deep level donor at high Al.

Experimental demonstration of Si doping in (AlxGa1−x)2O3 is

also reported where Si incorporation was confirmed [37, 38,

108, 109], but comprehensive understanding of the

atomic-level dopant behavior with the doped (AlxGa1−x)2O3

films needs further effort. To characterize the n-type doping

in (AlxGa1−x)2O3 with varying Al content, it is extremely

important to accurately detect and quantify the dopant ele-

ments. Also, a firm knowledge is required about how the dop-

ant atoms are interacting with the matrix, especially, when the

alloy composition is varied.

APT has already demonstrated its outstanding capability in

characterizing dopants profile in other semiconductor systems

having complex 3D geometry and complex alloy chemistry

[110, 111, 112]. Inspired from these results, Si doped

(AlxGa1−x)2O3 with x = 0–1.0 was investigated by APT [113].

The Si dopant incorporation was confirmed from the APT

mass spectrum where Si peaks for both Si1+ at 28 Da and Si2+

at 14 Da were distinctly identified as shown in Fig. 12. The

dopant concentration for Si in each (AlxGa1−x)2O3 layer was

measured and found to be in the range of 1–7 × 1018 cm−3,

which was as estimated from the growth (∼5 × 1018 cm−3). No

peak overlap with the thermal tail from Al1+ and Al2+ was

observed to introduce quantification artifacts, thanks to the opti-

mization of laser pulse energy and base temperature. This

implies successful dopant incorporation in each (AlxGa1−x)2O3

layer regardless of the alloy compositions.

To investigate the dopant distribution whether it is homo-

geneous or non-homogeneous, statistical FDA from individual

alloy composition was performed. Figure 13 reports the FDA of

Si distribution from alloy volume of 4 nm thickness, extracted

from the bulk of each layer. In all cases, the observed Si distri-

bution closely resembles the binomial fitting with the low value

of Pearson coefficient (μ) while a μ value close to 1 would

indicate the presence of segregation [94]. The FDA results sug-

gest dopant distribution in each (AlxGa1−x)2O3 is close to

homogeneous and efficient n-type doping was achieved in

(AlxGa1−x)2O3 over the whole alloy composition range.

Dopant interaction in (AlxGa1−x)2O3

To explore how dopant Si affects the microstructure of the

(AlxGa1−x)2O3 layers with varying alloy composition, the inter-

action of these dopants with the neighboring atoms of the

doped matrix was investigated using radial distribution func-

tion (RDF) [114]. RDF is a very efficient statistical analysis

technique to examine the affinity between different species

located within very short distances [114]. The RDF method

was extended to study species interaction with varying alloy

compositions. RDF provides the radially outward concentra-

tions starting from each atom of any selected species and

returns the probability density of finding an atom j at a distance

r given the central atom i [115]. In this case, considering Si as

the atom of interest (atom i), the concentration profile of Al

and Ga (atom j) starting from each Si atoms in a radially out-

ward direction within small volumes was measured via RDF as

illustrated in Fig. 14. RDF determined Ga and Al concentration

surrounding each dopant Si atom (considering as the center,
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Figure 12: (a) APT mass spectrum (background corrected) of Si doped (AlxGa1−x)2O3 with x = 0–100%; (b) magnified mass spectrum from the dotted region in (a)
showing Si peaks at 14 Da associated with Si2+ and (c) at 28 Da associated to Si1+. No peak overlap from tails from Al was observed [113].

Figure 13: FDA of Si distribution in each layer with Al composition of (b) x = 0.0, (c) x = 0.10, (d) x = 0.20, (e) x = 0.30, (f) x = 0.40, (g) x = 0.50, (h) x = 0.60, (i) x = 0.80,
and ( j) x = 1.0 [113].
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distance, d = 0) within a volume of 10 nm× 10 nm× 1 nm taken

in the bulk region of each (AlxGa1−x)2O3 layer. At low Al con-

tents (x = 0–0.20), high Ga concentration surrounding the Si

atoms (at d = 0) was observed [Figs. 14(a)–14(c)] while low Al

concentration suggests, dopant Si is occupying on Ga site. Ga

concentration tends to decrease while approaching the location

of center Si atoms which suggest the possible presence of Ga

vacancy (VGa). Dopant Si may interact with these VGa and

form VGa-SiGa defect complex which contributes to compensat-

ing knee [40, 41]. For layers with x = 0.30–0.50, the distribution

of Ga and Al surrounding the dopant Si is not obvious and Si

may substitute in either Ga or Al sites [Figs. 14(d)–14(f)]. This

may lead to the formation of VGa-SiGa or VAl-SiAl complex.

When the Al content is high (x = 0.60–1.0), the high Al concen-

tration surrounding the dopants implies Al site occupancy [Figs.

14(g)–14(i)] and the dopant compensation would have dominant

VAl-SiAl defect complexes [99]. The information obtained from

this analysis was significant in understanding which kind of cat-

ionic site n-type dopants would occupy and the type of dominant

defects that would be responsible for dopant compensation in

(AlxGa1−x)2O3 when Al content is varied.

Conclusion and outlook
As discussed in this review, the versatile capability of APT

to investigate the atomic-scale structural chemistry of

(AlxGa1−x)2O3 provided unprecedented insight on how phase

transformations in this material occur with changing the

alloy composition. Complementing APT data with machine

learning-based analyses to determine latent features such as

phase transformation of (AlxGa1−x)2O3 can change the para-

digm of currently adapted experimental approaches to under-

stand similar phenomena not only for ultra-wide bandgap

oxides but also any other materials exhibiting these phase-

related issues. The characterization of n-type dopant distribu-

tion in (AlxGa1−x)2O3, as well as, the knowledge of how this

dopant influences the doped material when the alloy composi-

tion is being varied, revealed information about the dominant

type of defect and dopant-defect complex that would affect

chemical and physical properties of (AlxGa1−x)2O3 at different

alloy compositions. The structural and compositional informa-

tion of (AlxGa1−x)2O3 with varying alloy composition and

n-type doping provided in this study would be significant for

not only the growth community to grow high-quality material

allowing efficient doping but also the device engineers and scien-

tists in designing and fabrication of high-performance devices.
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