
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Powered by TCPDF (www.tcpdf.org)

This material is protected by copyright and other intellectual property rights, and duplication or sale of all or 
part of any of the repository collections is not permitted, except that material may be duplicated by you for 
your research use or educational purposes in electronic or print form. You must obtain permission for any 
other use. Electronic or print copies may not be offered, whether for sale or otherwise to anyone who is not 
an authorised user.

Karjalainen, A.; Makkonen, I.; Etula, J.; Goto, K.; Murakami, H.; Kumagai, Y.; Tuomisto, F.
Split Ga vacancies in n -type and semi-insulating β -Ga2O3single crystals

Published in:
Applied Physics Letters

DOI:
10.1063/5.0033930

Published: 15/02/2021

Document Version
Publisher's PDF, also known as Version of record

Please cite the original version:
Karjalainen, A., Makkonen, I., Etula, J., Goto, K., Murakami, H., Kumagai, Y., & Tuomisto, F. (2021). Split Ga
vacancies in n -type and semi-insulating  -Ga

2
O

3
single crystals. Applied Physics Letters, 118(7), [072104].

https://doi.org/10.1063/5.0033930

https://doi.org/10.1063/5.0033930
https://doi.org/10.1063/5.0033930


Appl. Phys. Lett. 118, 072104 (2021); https://doi.org/10.1063/5.0033930 118, 072104

© 2021 Author(s).

Split Ga vacancies in n-type and semi-
insulating -Ga2O3 single crystals 

Cite as: Appl. Phys. Lett. 118, 072104 (2021); https://doi.org/10.1063/5.0033930
Submitted: 20 October 2020 . Accepted: 24 January 2021 . Published Online: 18 February 2021

 A. Karjalainen,  I. Makkonen,  J. Etula,  K. Goto, H. Murakami, Y. Kumagai, and  F. Tuomisto

COLLECTIONS

 This paper was selected as an Editor’s Pick

ARTICLES YOU MAY BE INTERESTED IN

Impurity band conduction in Si-doped β-Ga2O3 films

Applied Physics Letters 118, 072105 (2021); https://doi.org/10.1063/5.0031481

Simplified Josephson-junction fabrication process for reproducibly high-performance
superconducting qubits
Applied Physics Letters 118, 064002 (2021); https://doi.org/10.1063/5.0037093

MOCVD growth of high purity Ga2O3 epitaxial films using trimethylgallium precursor

Applied Physics Letters 117, 262101 (2020); https://doi.org/10.1063/5.0031484

https://images.scitation.org/redirect.spark?MID=176720&plid=1401546&setID=378288&channelID=0&CID=496964&banID=520310243&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=4ec9de953ebb6c8f5e14b657e190e62d12f83d34&location=
https://doi.org/10.1063/5.0033930
https://aip.scitation.org/topic/collections/editors-pick?SeriesKey=apl
https://doi.org/10.1063/5.0033930
https://orcid.org/0000-0001-5015-1964
https://aip.scitation.org/author/Karjalainen%2C+A
https://orcid.org/0000-0003-4134-8428
https://aip.scitation.org/author/Makkonen%2C+I
https://orcid.org/0000-0002-6930-1165
https://aip.scitation.org/author/Etula%2C+J
https://orcid.org/0000-0002-3371-0020
https://aip.scitation.org/author/Goto%2C+K
https://aip.scitation.org/author/Murakami%2C+H
https://aip.scitation.org/author/Kumagai%2C+Y
https://orcid.org/0000-0002-6913-5654
https://aip.scitation.org/author/Tuomisto%2C+F
https://aip.scitation.org/topic/collections/editors-pick?SeriesKey=apl
https://doi.org/10.1063/5.0033930
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/5.0033930
http://crossmark.crossref.org/dialog/?doi=10.1063%2F5.0033930&domain=aip.scitation.org&date_stamp=2021-02-18
https://aip.scitation.org/doi/10.1063/5.0031481
https://doi.org/10.1063/5.0031481
https://aip.scitation.org/doi/10.1063/5.0037093
https://aip.scitation.org/doi/10.1063/5.0037093
https://doi.org/10.1063/5.0037093
https://aip.scitation.org/doi/10.1063/5.0031484
https://doi.org/10.1063/5.0031484


Split Ga vacancies in n-type and semi-insulating
b-Ga2O3 single crystals

Cite as: Appl. Phys. Lett. 118, 072104 (2021); doi: 10.1063/5.0033930
Submitted: 20 October 2020 . Accepted: 24 January 2021 .
Published Online: 18 February 2021

A. Karjalainen,1,2,a) I. Makkonen,2 J. Etula,1 K. Goto,3 H. Murakami,3 Y. Kumagai,3 and F. Tuomisto1,2

AFFILIATIONS
1Department of Applied Physics, Aalto University, P.O. Box 15100, FI-00076 Espoo, Finland
2Department of Physics and Helsinki Institute of Physics, University of Helsinki, P.O. Box 43, FI-00014 Helsinki, Finland
3Department of Applied Chemistry, Tokyo University of Agriculture and Technology, 2-24-16 Naka-cho, Koganei, Tokyo, Japan

a)Author to whom correspondence should be addressed: antti.j.karjalainen@iki.fi

ABSTRACT

We report a positron annihilation study using state-of-the-art experimental and theoretical methods in n-type and semi-insulating b-Ga2O3.
We utilize the recently discovered unusually strong Doppler broadening signal anisotropy of b-Ga2O3 in orientation-dependent Doppler
broadening measurements, complemented by temperature-dependent positron lifetime experiments and first principles calculations of posi-
tron–electron annihilation signals. We find that split Ga vacancies dominate the positron trapping in b-Ga2O3 single crystals irrespective of
the type of dopant or conductivity, implying concentrations of at least 1� 1018 cm�3.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0033930

b-Ga2O3 is an emerging direct wide bandgap (4.9 eV) semicon-
ductor with higher figures of merit for power electronics than widely
used GaN and SiC. As bulk single crystals with relatively low densities
of extended defects can be manufactured, the role of point defects in
further improvement of the b-Ga2O3 devices becomes more and more
important. b-Ga2O3 devices are mostly unipolar and n-type1 due to
the lack of p-type doped material.2 Cation vacancies are typical com-
pensating acceptor defects in compound semiconductors, but very lit-
tle is known about Ga vacancies in as-received b-Ga2O3 single
crystals. Studies using deep level transient spectroscopy have detected
four defect signals, E1, E2, E3, and E4, in as-received b-Ga2O3 crystals
where all but E4 have been assigned to impurities.3 Electron paramag-
netic resonance studies on as-received b-Ga2O3 have found a shallow
donor level that has also been allocated to impurities.4

Photoluminescence measurements have revealed bands at 3.1 eV and
2.9 eV, attributed to donor–acceptor pair transitions.5,6 The donor in
the transition at 2.9 eV has been suggested to be related to VO (Refs. 6
and 7). Theoretical calculations3,8 predict that the regular (unrelaxed)
Ga vacancies (VGa1 and VGa2) exhibit strong relaxation to V ia

Ga; V
ib
Ga,

and V ic
Ga split configurations, and very recently, the latter have been

observed and identified by scanning transmission electron micros-
copy9 and positron annihilation spectroscopy.10

Positron annihilation spectroscopy is a nondestructive method
and particularly well adapted to studying compensating acceptor-type
vacancy defects.11 Early experiments in b-Ga2O3 suggested VGa to

play an important role in the electrical compensation12,13 of n-type
b-Ga2O3. The recently discovered unusually strong Doppler broaden-
ing signal anisotropy in b-Ga2O3 (Ref. 10) not only sets additional
restrictions and requirements for positron experiments but also creates
a new approach for defect identification with positron annihilation
without the need of defect-free reference samples. In that paper, it was
shown that split Ga vacancies generate positron annihilation signals
that are clearly different from regular (unrelaxed) Ga vacancies and
the lattice, distinguishable by their particularly strong anisotropy. In
this work, we utilize this strong anisotropy to detect high concen-
trations of split Ga vacancies in both n-type and semi-insulating
b-Ga2O3 single crystals. We also show that all crystals contain a
distribution of different types of vacancy defects instead of the one
dominating type that is usual in, e.g., GaN and AlN.14,15

Comparing experimental and theoretically calculated positron
annihilation signals allows us to conclude that split Ga vacancy—
oxygen vacancy complexes are also abundant in these crystals, as
suggested in Ref. 3.

The single crystals were synthesized by edge-defined film-fed
growth16 (EFG) and Czochralski17,18 (CZ) methods. The EFG crystals
were either unintentionally doped (uid, with a free electron concentra-
tion of 5� 1017 cm�3 due to residual donors) or doped during growth
with either Fe for semi-insulating behavior (resistivity >1010 X cm) or
Sn for n-type behavior (free electron concentration, 2� 1018 cm�3).
The CZ crystals were doped with Mg for semi-insulating behavior
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(resistivity >105 X cm). The surfaces of the plate-like samples cut
from the crystals were (001) for EFG:Fe and EFG:Sn, (100) for CZ:Mg,
and (010) for EFG:uid. The details of the EFG and CZ bulk growth are
described elsewhere.16–18

We performed positron lifetime experiments on the b-Ga2O3

single crystal pairs using a standard temperature-controlled digital
spectrometer in collinear geometry and a time resolution of 260 ps
(FWHM). 1� 106 counts were recorded at each temperature, and the
annihilations in the 1 MBq 22NaCl source material (400 ps, 1.5%), Al
foil (210 ps, 1.7%), and positronium (1500 ps, 0.1%) were subtracted
from the data before analysis. We analyzed the Doppler signal anisot-
ropy by performing orientation-dependent experiments at room tem-
perature with fast positrons in the same sample-source sandwich
configuration as in the lifetime experiments, but mounted on a rota-
tion stage. For further details on this setup, see Ref. 10. We note here
that the energy resolution of the HPGe detector was 1.15 keV
(FWHM) at 511 keV, and 1� 106 counts were accumulated in each
spectrum. These experiments were complemented by performing
Doppler broadening measurements in well-defined crystal orientations
using a slow positron beam, with a HPGe detector with a resolution of
1.25 keV (FWHM) at 511 keV. 3� 106 counts were accumulated at
the positron implantation energy of 25 keV where the effect of surface
annihilations was insignificant. We extended our ab initio theoretical cal-
culations of the positron annihilation signals related to vacancy defects
with a single missing atom (Ga vacancies and split Ga vacancies) pre-
sented in detail in Ref. 10 to include split Ga vacancy—oxygen vacancy
complexes. The integration windows of the S andW parameters describ-
ing the shape of the Doppler broadened spectrum were set as
0� 0:45 a.u. 1:5� 4:1 a.u., respectively. A second W parameter was
defined as 2:0� 4:1 a.u. and referred to as W2 throughout this work.
For more detailed interpretation of the calculated Doppler spectra, we
also analyze the defect-lattice ratio curves where the defect spectrum is
normalized point-by-point by the lattice spectrum. Details on the experi-
mental and modeling techniques of positron annihilation spectroscopy
and associated data analysis and defect studies can be found in Ref. 11
(and the references therein), and details related to the unusual properties
of b-Ga2O3 can be found in Ref. 10.

The average positron lifetimes measured as a function of temper-
ature in samples CZ:Mg, EFG:Fe, and EFG:Sn are shown in Fig. 1. The
positron lifetime was not measured in sample EFG:uid as only one
sample piece was available. Above 225K, the average positron lifetime
acts similarly in CZ:Mg and EFG:Fe, with the lifetime in CZ:Mg being
slightly (3 ps) higher. The average positron lifetime of these samples
decreases slowly from 225K to 600K by about 3 ps. On the other
hand, at temperatures below 300, K CZ:Mg and EFG:Sn act similarly,
with the average lifetime increasing to 185 ps with decreasing tempera-
ture. The average positron lifetime is rather constant at temperatures
below 300K in EFG:Fe, while at temperatures above 400K, the average
positron lifetime increases with temperature in EFG:Sn. The changes
with temperature are reversible. Interestingly, even if the temperature
behavior of the average positron lifetime is clearly different in the three
materials, at room temperature, the differences are small (all data
within 5 ps). These data show that multiple types of vacancy defects—
with positron lifetimes close to each other and the lattice—are present
at significant concentrations in the samples, also evident from the
inability of resolving more than one component from the lifetime
spectra in any of the samples or temperatures.

The results of the orientation-dependent Doppler broadening
measurements in EFG:Fe and CZ:Mg are shown in Figs. 2(a) and 2(b),
and the notation is explained in Fig. 2(e). CZ:Mg and EFG:Fe exhibit
common trends, namely, the (S, W, W2) parameters in [100] and
[001] lattice directions are close to each other, while [010] has
equally higher S and lower W and W2 parameters in both samples.
The magnitudes of the anisotropies are also similar: 1.035 and
1.033 in S, 0.87 and 0.89 inW, and 0.90 for both inW2 parameters,
respectively, in CZ:Mg and EFG:Fe. In experimental results,
we define the magnitude (span) of anisotropy as the highest/lowest
S/W parameter divided by the lowest/highest parameter value. The
main differences between CZ:Mg and EFG:Fe are that CZ:Mg has
1.003–1.006 times higher S parameter, and the shape of anisotropy
in the CZ:Mg sample is almost linear, while it is clearly loop-like in
EFG:Fe. Generally, the W2 parameter [Fig. 2(b)] shows the same
trends as the W parameter, but the difference in the shape of the
full anisotropy is more pronounced when the W2 parameter is
used in the analysis.

The slow positron beam measurements [Figs. 2(c) and 2(d)]
deliver a similar picture of the anisotropy as the orientation-
dependent measurements, as seen from the data obtained in CZ:Mg
using both approaches. The anisotropy spanned by samples EFG:Sn
and EFG:uid is very similar to the anisotropy measured in sample
EFG:Fe in the orientation-dependent experiment. CZ:Mg exhibits a
repeatedly similar or higher S parameter compared to the EFG sam-
ples. The total anisotropy spanned by EFG:Sn and EFG:uid is 1.027 in
S, 0.92 in W, and 0.94 in W2 parameters, and in the case of samples
CZ:Mg and CZ:Mg(010), it is 1.033, 0.90, and 0.94, respectively.

Importantly, the general form and span of the anisotropy indicate
that trapping at split Ga vacancies is responsible for a significant frac-
tion of positron annihilation signals, as discussed in Ref. 10. However,
the loop-like structure in EFG:Fe, the relative differences between the
W and W2 parameters between EFG:Sn, EFG:uid, and CZ:Mg, and
the nontrivial behavior of the positron lifetime as a function of temper-
ature in all these materials strongly suggest that a more complex defect
distribution has to be considered. To this end, we have calculated the
positron annihilation characteristics of the following split Ga

FIG. 1. The average positron lifetime measured as a function of temperature in
EFG:Fe, EFG:Sn, and CZ:Mg.
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vacancy—oxygen vacancy complexes:3 V ib
Ga-VO; V ic

Ga-VO; V ib
Ga-2VO,

and V ia
Ga-3VO.
The structures of defects and the calculated positron densities are

shown in Fig. 3. In V ib
Ga-VO and V ic

Ga-VO, the positron localizes into
the “half-vacancy” without VO, and in V ia

Ga-3VO, the highest positron
density locates in the half with less VO. In the symmetric V ib

Ga-2VO, the
positron density is symmetric as well. The addition of VO has only a
minor effect on the calculated positron lifetimes of split Ga vacan-
cies:10 V ib

Ga-VO and V ic
Ga-VO have a 3 ps longer lifetime than V ib

Ga or
V ic
Ga, while V

ib
Ga-2VO and V ia

Ga-3VO have 5 ps and 7 ps longer lifetimes

than V ib
Ga and V

ia
Ga, respectively. Defect lifetime differences in this mag-

nitude are unlikely to be resolved in experiments.
Figure 4 shows the calculated S, W, and W2 parameters normal-

ized to the respective parameters of the b-Ga2O3 lattice in the [001]
direction, following the convention adopted in Ref. 10. The (S, W,
W2) parameters in the b-Ga2O3 lattice and V ia

Ga; V
ib
Ga, and V ic

Ga with-
out VO are shown for comparison. The addition of a single VO to V ib

Ga
or V ic

Ga does not change significantly the S or W parameters in any
crystal direction nor the shape of the anisotropy, but only slightly
extends the anisotropy of the defects, mostly toward smaller S (larger
W andW2) parameters. The increase in anisotropy due to the addition
of VO is less than that in the case of V ib

Ga-1H and V ic
Ga-1H (Ref. 10).

The addition of multiple VO affects the Doppler broadening signatures
significantly, and the anisotropies of V ia

Ga-3VO and V ib
Ga-2VO have the

shape and span similar to VGa1 and VGa2 (Ref. 10) but with distinctly
higher S parameters (1.04–1.07 vs 1.02–1.04). The vacancy-lattice
ratios of the Doppler spectra (Fig. 5) show similar behavior as the
(S, W, W2) parameters: V ib

Ga-VO and V ic
Ga-VO are essentially identical

toV ib
Ga and V

ic
Ga, while the addition of 2–3VO (V ia

Ga-3VO and V ib
Ga-2VO)

strongly enhances the S parameter region and diminishes the Doppler
ratio peak at 1.5 a.u. We note that except for the anisotropic features
of the Doppler broadening, the addition of one or more VO has a simi-
lar effect on the positron annihilation signals as in other compounds
(e.g., GaN, InN, and ZnO) with a significant size mismatch between

FIG. 2. (a)–(d) S, W, and W2 parameters measured using an direction-resolved
fast-positron setup and slow positron beam at room temperature. (e) The notation
of the measurement directions.

FIG. 3. Calculated positron densities and the structure of the defects. The drawn
positron density isosurfaces are 63% of the maximum density.
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cations and anions: the lifetime hardly changes for any number of VO

(or VN) next to a cation vacancy, while the Doppler broadening
changes only after the addition of a second VO (or VN).

19–22

The combination of our experimental and theoretically calculated
Doppler broadening data shows that we observe split Ga vacancies in
all the single crystal b-Ga2O3 samples, irrespective of the type of dop-
ant and conductivity. The contribution of these split Ga vacancies to
the positron annihilation signals is dominant, indicating that their
concentrations are at the level of 1018 cm�3 or higher. This is also
evident in the undoped crystal (EFG:uid) that could only be measured
in the lowest-anisotropy plane spanned by the [100] and [001] lattice

directions [see Fig. 2(c)]. The differences in the positron lifetime
behavior as a function of temperature in samples EFG:Sn, EFG:Fe, and
CZ:Mg show that more than just one type of defect contributes to the
data, in general, and also in a single sample at least in the case of
EFG:Sn and CZ:Mg.

The decreasing trend of the average lifetime above 300K in the
semi-insulating EFG:Fe and CZ:Mg indicates that the split Ga vacan-
cies that dominate the positron annihilation are in a negative charge
state, as can be expected from theoretical calculations.8 At the same
time, the constant behavior of the average positron lifetime in EFG:Fe
below 300K suggests that the data are close to saturation trapping to
the split Ga vacancies, but with the decreasing trend at high tempera-
tures visible, a full saturation is probably not reached. In CZ:Mg, the
abrupt jump of the average lifetime at around 200K indicates that
another type of defect is also present, with a charge state that changes
(toward more negative when temperature is lowered) at low tempera-
ture. As the lifetime changes only a little, it is highly likely that this
type of defect is also a split Ga vacancy. The average lifetime is slightly
but systematically higher at high temperatures in CZ:Mg than in
EFG:Fe, and also, the S parameter is systematically higher in all
measurement directions. At the same time, the W parameter is
systematically lower and the W2 parameter similar in CZ:Mg than
in EFG:Fe. This strongly suggests that in CZ:Mg, the split Ga
vacancies are complexed with one or more VO based on compari-
son to that calculated for V ib

Ga, V
ib
Ga-VO and V ib

Ga-2VO. On the other
hand, the loop-like anisotropy in EFG:Fe suggests that these data
have a non-negligible contribution from the lattice signal, as the
loop-like behavior is strengthened when going from the (S, W) to
(S,W2) plot in Fig. 2.

Interestingly, EFG:Sn appears to have the highest (split) Ga
vacancy content as the average positron lifetime increases at higher
temperatures. Hence, there are some additional defects compared to,
at least, EFG:Fe and CZ:Mg, while the below 300K behavior suggests
similar defect distribution to CZ:Mg. These additional defects trap
positrons less efficiently at lower temperatures than split Ga vacancies
in the other samples, as seen through the dominance of the latter below

FIG. 5. Calculated defect/lattice ratio curves in the [010] lattice direction. The
shaded regions show the integration windows of (S, W) parameters, and the dotted
vertical line shows the lower bound of the W2 parameter window.

FIG. 4. Calculated (S, W) and (S, W2) parameters normalized to the b-Ga2O3 lat-
tice signal in the [001] lattice direction. The b-Ga2O3 lattice signal is shown in (a)
and (b) with white markers, and in (c) and (d), with a gray shadow. The directional
notation follows that shown in Fig. 2(e).
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300K. These could, in principle, split Ga vacancy defects complexed
with Sn as they should favor less negative charge states.9 Also, the
anisotropy span is slightly smaller in EFG:Sn (Fig. 2) than in the other
samples, indicating a somewhat different distribution of vacancy defects.

Finally, we note that the theoretical investigation of the added O
vacancies on the positron annihilation spectra sheds some light on the
unusually strong anisotropy of the vacancy signals in V ib

Ga and V ic
Ga

split Ga vacancies. Interestingly, adding a second VO to V ib
Ga-VO

changes the nature anisotropy from the V ib
Ga-like anisotropy to the one

exhibited by V ia
Ga and the regular (unrelaxed) Ga vacancies (VGa1 and

VGa2). The main difference in the structure of V ib
Ga-2VO compared to

V ib
Ga-VO is that the oxygen atom nearest to the positron density is

missing. Going through all the investigated vacancy structures in this
work and in Ref. 10, it is found that there is a one-to-one correlation
between an oxygen atom immediately “touching” the density of
the localized positron and the particularly strong anisotropy in the
split Ga vacancy defects. A closer look at the ratio curves in Ref. 10
and Fig. 5 shows that the presence of this oxygen atom increases
the intensity of the Doppler broadening spectrum at 1–1.5 a.u. (peak/
shoulder region) particularly in the orientations perpendicular to
[010]. Adjacent O atoms have been observed to strongly alter the
Doppler broadening characteristics in also other semiconductors, for
example, Si.23 This highlights the importance of having a sufficiently
detailed picture of the crystal structure and the atomic configurations
around the vacancy for reliable defect identification.

In summary, we utilized the unusually strong Doppler signal
anisotropy of b-Ga2O3 found in Ref. 10 to study vacancy defects in n-
type and semi-insulating b-Ga2O3 single crystals. The orientation-
dependent measurements on the Doppler signal anisotropy combined
with temperature-dependent positron lifetime experiments and state-
of-the art first principles calculations of the positron annihilation sig-
nals reveal that all the studied b-Ga2O3 single crystals contain high
concentrations (>1� 1018 cm�3) of split Ga vacancies, irrespective of
the conduction type. The details of the defect distributions are different
in different crystals. The Sn-doped n-type crystals exhibited the highest
(split) Ga vacancy concentrations and the Fe-doped semi-insulating
the lowest, as expected for thermodynamics-driven defect formation
that is typical for melt-grown crystals.
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