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Invited Paper

Split Ga vacancies: abundant defects in p-Ga2Os3

Filip Tuomisto*?, Antti Karjalainen®®, 1lja Makkonen?
4Department of Physics and Helsinki Institute of Physics, University of Helsinki, P. O. Box 43, FI-
00014 Helsinki, Finland
bDepartment of Applied Physics, Aalto University, POB 15100, FI-00076 Aalto Espoo, Finland

ABSTRACT

We have applied positron annihilation spectroscopy to study a wide range of B-Ga,O3 bulk crystals and thin films with
various doping levels. The Doppler broadening of the 511 keV positron-electron annihilation line exhibits colossal
anisotropy compared to other three-dimensional crystalline semiconductors. State-of-the-art theoretical calculations of the
positron characteristics in the B-Ga»Os lattice reveal that the positron state is effectively 1-dimensional, giving rise to strong
anisotropy. Strongly relaxed split Ga vacancies are found to exhibit even stronger anisotropy and to dominate the positron
annihilation signals in almost all experiments. The evidence leads to the conclusion that split Ga vacancies are abundant,
with concentration of 10'® cm™ or more, in B-Ga,03 samples irrespective of conductivity.

Keywords: positron annihilation spectroscopy, gallium oxide, defect, vacancy, compensation

1. INTRODUCTION

Scientific research interest in B-Ga,O3 has seen a strong increase in the past decade. This has led to the development of
high quality bulk single crystals,! the demonstration of unipolar devices? and the ability to effectively control n-type
doping.® On the other hand, achieving p-type conductivity appears challenging — if not impossible — due to the large
effective hole masses,® the self-trapping of holes,* and the tendency of acceptor states being deep rather than shallow.>
The identification of dominating lattice defects is an important goal in order to further improve the properties of B-Ga,O3
devices.k8 In n-type doped semiconductors, the formation of acceptor-type native point defects is enhanced. These act as
electrically compensating centers potentially limiting the conductivity through reduction of carrier concentration and
increase in carrier scattering. Fortunately, the formation of native acceptors does not usually limit the carrier concentration
except at very high doping levels.

The nature of the dominant native defect that forms and acts as a compensating center for a certain doping is a scientifically
interesting question in itself. Technologically, it is important to understand whether the formation of this particular defect
limits the desired functionality. In many materials, vacancy-type defects have the lower formation enthalpies and hence
tend to be the dominant compensating defects. In n-type compound semiconductors, the cation (metal) vacancies are the
typical dominant compensating native acceptor defects: Vg, in GaN,” Vz, in ZnO,® Vi, in InN.° Notably in none of these
materials is the compensation of n-type doping an issue. In B-Ga,Os, theoretical calculations!® and early positron
annihilation experiments!! have suggested that Vs, could be very efficient in the compensation of n-type conductivity, but
systematic experimental evidence is lacking.

In more detail, theoretical calculations predict%213 that the energetically most favourable atomic configuration for the Ga
vacancy is such that a Ga atom neighboring (next-nearest neighbor) the Ga mono-vacancy relaxes to an interstitial site
half-way toward the original mono-vacancy. The open volume in this “split” Ga vacancy is divided on both sides of the
interstitial, with an appearance of two “half-vacancies”. Importantly, only one Ga atom is missing and hence this defect is
by definition of mono-vacancy character. These split Ga vacancies were recently observed with scanning transmission
electron microscopy.** In our recent work combining experiments and state-of-the-art modeling, we showed that split Ga
vacancies have very distinct fingerprints in positron annihilation signals.*® The anisotropy of these signals accounts for the
directional dependence of the Doppler broadening noted in Ref. 16. In this contribution, we show that the split Ga vacancies
dominate the positron annihilation characteristics of all B-Ga,Ossamples studied so far, irrespective of their conductivity.
The detailed understanding of the electrical compensation mechanisms in n-type p-GaOs is still “under construction”.

*filip.tuomisto@helsinki.fi; physics.helsinki.fi
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2. METHOD
2.1 Material

The experimental positron annihilation data shown in this work are collected from samples discussed in detail in Refs.
11,15-17. The samples include homo-epitaxial thin films grown by metal-organic vapor phase epitaxy (MOVPE) and
hydride vapor phase epitaxy (HVPE), as well as bulk crystals grown by the Czochralski (CZ) and edge-degined film-fed
growth (EFG) methods. Samples with varying doping have been investigated: unintentionally doped (uid), Si-doped, Sn-
doped, Mg-doped and Fe-doped. Generally, Si and Sn doping is used to achieve n-type conductivity while Mg and Fe
doping for semi-insulating character.

2.2 Positron annihilation spectroscopy

Positron annihilation spectroscopy is a set of methods with particular use in the identification and quantification of
negatively charged and neutral vacancy-type defects in semiconductors.*® The concentration sensitivity range is 10*°-10%°
cm 3. By performing temperature-dependent experiments, the methods can distinguish between different charge states of
the vacancies and give information on their chemical environment, in addition to the size of the open volume and the
concentrations. In the experiments, relatively high energy positrons are implanted into the specimen where they stop,
thermalize and diffuse and eventually annihilate with electrons emitting two 511-keV y-quanta. Prior to annihilation, the
positrons probe the interstitial space in a delocalized state in the crystal lattice and may get trapped at vacancy-type (open
volume) defects thanks to the missing repulsive ion core. The trapping at vacancies causes changes in the commonly
measured characteristics of the positron-electron annihilation radiation: the positron lifetime and the Doppler broadening
of the 511 keV annihilation line. The former is inversely proportional to the overlap of the positron and electron densities
and as most of the electrons are localized at the lattice atoms, the positron lifetime increases when the positron is trapped
at a vacancy. In Doppler broadening, the momentum of the annihilating positron-electron pair causes a broadening of the
511 keV annihilation line due to energy and momentum conservation. For positrons trapped at vacancies, the probability
of annihilation with high-momentum core electrons of the atoms is lower than for the free positrons in the delocalized state
in the crystal lattice. Hence, usually positron trapping at vacancies is detected as a narrowing of the 511 keV line. Generally,
the positron lifetime gives information about the open volume and concentration of the vacancy defects, while Doppler
broadening gives information on the chemical surroundings of the vacancy, namely the electron configuration of the
surrounding atoms.

In this work, we focus on the Doppler broadening results obtained in B-Ga2O3 samples, measured in either a fast-positron
setup where a positron source (¥?Na) is sandwiched between two identical pieces of sample material, or with a slow positron
beam where positrons from a radioactive source are slowed down and implanted in a single sample at energies between 0—
40 keV. Fast positrons probe the sample up to about 200 um providing averaged data over these depths, while a slow
positron beam is used to probe near-surface regions up to 2 um below the surface. A slow positron beam is necessary for
studying thin films. The energy resolution of the gamma detectors is usually relatively poor at high energies, and the
broadening of the 511-keV annihilation peak is often characterized by the so-called S and W parameters. These are defined
as the normalized areas (counts) of the center and wings of the peak, respectively. They are a measure of the fraction of
positrons annihilating with low-momentum electrons (S) and high-momentum electrons (W). The S (W) parameter is a
linear superposition of the characteristic S (W) parameters for annihilations in different positron states in the sample:

SW) = npSp Wp) + XimiS; (Wy). ()

Here the subscript b refers to the free, delocalized Bloch state, in which the positron is in the defect-free crystal lattice.
The weighting factors # are the fractions of positron annihilations at each state. The presence of vacancies therefore results
in a higher S parameter and correspondingly a lower W parameter than in the defect-free lattice. If only one type of vacancy
(V) traps positrons, (S,W) becomes a linear combination of the values (Sp,Ws) and (Sv,Wv), corresponding to the lattice and
the vacancy, respectively. The measured values would thereby fall on a straight line connecting the points (S, W) and
(Sv,Wy) on a S-W plot. The position on this line then reveals the concentration of these vacancies.
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The Doppler broadening experiment is by definition direction-dependent: it is effectively a measurement of the the 3-
dimensional momentum distribution p(p) of the annihilating positron-electron pairs projected along the detection axis (L
for longitudinal):

p(p) = J[ p(p)dp,. (@3]

Figure 1 shows typical measurement geometries in Doppler broadening experiments, performed with either fast or slow
positrons. The “longitudinal” direction is typically along a crystal orientation within the sample surface, but in fast positron
experiments it can be also along the surface normal. Typically, the sample surface is one with relatively high symmetry,
such as (100) or (111), and also the sample edges are along high symmetry orientiations. When performing defect studies
in 3D crystal structured “conventional” semiconductors (for example Si, GaAs, GaN, or ZnO) with positron annihilation,
the measurement orientation is often disregarded, even if the Doppler broadening signals as defined by Eq. (2) are
anistropic by nature as they are tightly connected to the crystal symmetries. This is warranted as the effect has been found
to be negligible: The relative differences in the Doppler broadening signals in the different directions are of the order of
0.05 — 0.1% (S parameter) in these materials, while vacancy-type defects generate signal modification by 3 — 5 %.151920
The differences in the W parameter are 5-10-fold, but the relative importance of vacancies over the directional dependence
is the same. Further, the anisotropy of the vacancy signals themselves has been observed to be less (at most similar) than
the anisotropy of the signals originating from the “defect-free” lattice.'®
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Figure 1. (a) Typical measurement geometry in a slow positron beam. The detector is aligned perpendicular to the incoming
beam and hence to the surface normal, i.e., the direction of the measurement is along a crystal orientation within the surface
plane of the sample. (b) Typical measurement geometry in a fast positron experiment. The detector is placed either in a
similar orientation as in the slow positron beam experiment, or along the surface normal of the samples.

However, as pointed out in Ref. 16 and analyzed in detail in Ref. 19, B-Ga;Os is colossally different from the above-
mentioned semiconductors in terms of orientational dependence (anisotropy) of the Doppler broadening. In typical samples
measured with a slow positron beam, a rotation of the sample by 90 degrees leads to relative change of the S parameter by
2 — 4%, almost two orders of magnitude more than in, e.g., ZnO and of similar magnitude as typical vacancy effects.!>2
This magnitude of anisotropy has earlier been observed or theorized only in systems with fundamentally lower symmetry,
such as graphite or carbon nanotubes.?:?2 State-of-the-art theoretical calculations predict that the positron state in the -
Gay0s lattice is fundamentally of 1-dimensional tubular nature, as opposed to the positron state that forms 3-dimensional
networks in the more symmetric diamond, zincblende or wurtzite lattices of Si, GaAs or GaN.'® However, the detailed
mechanisms giving rise to the colossal anisotropy of the Doppler broadening signals in B-Ga,Os are still to be elucidated.
Nevertheless, in positron annihilation studies in f-Ga,Os it is of utmost importance to pay close attention to the
measurement direction and give a detailed account of the measurement geometry.
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In this work, we present experimental (S, W) data obtained with high-purity Ge (HPGe) detectors with either 1.15 keV or
1.25 keV (full width at half maximum, FWHM) energy resolution at 511 keV, depending on the employed setup. 1 — 3 x
10° counts were collected in each spectrum. The S and W parameter integration windows were set as 0 — 0.45 a.u. and 1.5
— 4.1 a.u., respectively. In order to perform measurements in multiple crystal orientations, a special sample holder was
used allowing for full 3D rotation in the fast positron experiments (Fig. 1b). In beam experiments, sample rotation is much
less practical and restricted to rotation around the sample surface normal — here typically only two perpendicular directions
are measured (Fig. 1a). We also present results obtained with state-of-the-art ab initio theoretical calculations of the
positron annihilation signals. For details on the experimental and theoretical approaches, see Refs. 15 and 18.

3. RESULTS

3.1 Theoretical calculations

Figure 2 shows the calculated (S, W) parameters for the B-Ga,Os lattice and selected vacancy-type defects determined
along the three highest-symmetry crystal orientations [100], [010] and [001], where the non-orthogonal 103.7° angle is
between [100] and [001]. The examples a selected to best represent the different anisotropic behavior found in the various
types of defects.’>!" It is worth noting that the [010] direction produces systematically the highest S (and lowest W)
parameters. Note also that the calculations allow to determine the (S, W) parameters along arbitrary directions but for
simpilicity we show only those with the highest-symmetry. In most cases these are also extrema in the (S, W) plot. For
detailed analysis of the behavior of the (S, W) parameters in full 3D, see Ref. 15. The (S, W) parameters shown in Fig. 2
are normalized to those calculated for the [001] direction, following the convention adopted in Ref. 15. This allows for
straightforward analysis of the relative changes caused by the anisotropy.
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Figure 2. Calculated (S, W) parameters for the -Ga20s3 lattice and selected vacancy-type defects in the three highest-
symmetry directions [001], [010] and [100]. The parameters are shown as normalized to the 3-Ga203 lattice in the [001]
direction, following the convention in Ref. 15. The parameters of the lattice are surrounded with a dashed oval to guide the
eye, and the largest anisotropy exhibited by the Vea®-H defect is highlighted with a dashed line.

The calculated data shown in Fig. 2 highlight all the peculiarities of positron data encountered in p-Ga,Os. The most
striking feature is the colossal anisotropy of the (S, W) parameters observed along the different lattice directions. Note that
the anisotropy in, e.g., Si or ZnO is smaller than the marker size in Fig. 2.1 The unrelaxed Ga vacancy exhibits similarly
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large anisotropy as the B-Ga,Os lattice, exemplified by the data in Va1 (the Ga vacancy with 4 nearest-neighbor O atoms).
The split Ga vacancies are represented by Ve, and its complexes with H and 2 O vacancies. Note that there are three
different types of split Ga vacancies (ia, ib and ic), whose identity depends on the participation of the two inequivalent Ga
sites in the defect.10,15 Ve, and Vg.® —H demonstrate the most striking feature of the positron data in B-Ga,0s. The (S,
W) parameters of the split Ga vacancies completely overlap with the lattice data, and in addition exhibit anisotropy that is
significantly larger than that exhibited by the lattice or by any other defects considered so far, including larger vacancy
complexes. Only Ga vacancies complexed with multiple O vacancies, exemplified in Fig. 2 by Ve, —2Vo generate clearly
separate data irrespective of the measurement orientiation.’

3.2 Experimental data

Figure 3 shows measured (S, W) parameters in a wide variety of B-Ga,Os samples with the slow positron beam and fast
positron setups, in high-symmetry crystal orientations. The data have been adjusted for the different detector resolutions
and measurement geometries (by measuring some of the crystals with both setups) so that they can be shown in the same
figure. Note that as the exact origin of the positron annihilation signals in 3-Ga,0O3; samples has not yet been established,
the data cannot be normalized to a well-defined reference point as in the case of the theoretical calculations or materials
where a “defect-free” reference sample has been characterized in detail. Hence we present the “raw” S and W parameters
in Fig. 3. The data are shown for a Mg-doped (semi-insulating) CZ crystal, Fe-doped (semi-insulating), Sn-doped (n-type)
and undoped (n-type) EFG crystals, and a Si-doped (n-type) thin film.1517
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Figure 3. Experimentally determined (S, W) parameters for various 3-Ga203 samples. The data have been adjusted for the
differences in the energy resolutions and measurement geometries in different setups. The marker size corresponds to the
experimental error bar. The purple and black shadowed scale bars represent the overall anisotropy of the Vea®-H and the B-
Ga20s lattice shown in Fig. 2, respectively.

The first observation to be made from Fig. 3 is that the [010] direction gives the highest S (and lowest W) parameters,
similar to the tendency in the calculated data. The second, more important observation is that the overall magnitude of the
anisotropy in the experimental (S, W) parameters is colossal for all samples, comparable in magnitude only to the largest
anisotropy found in the calculations for the split Ga vacancies. Figure 3 shows the overall magnitude of the anisotropy for
the Vea?-H and the B-Ga,Os lattice for comparison. Even in the undoped (uid) crystal, where only [001] and [100] could
be easily measured as there was only one piece of sample available, it is clear that the difference between these two
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orientations is much larger than that predicted for the B-Ga,Os3 lattice (see Fig. 2). Note that all the samples exhibit very
similar behavior irrespective of the doping or type of conductivity.

4. DISCUSSION

Comparing the experimental (Fig. 3) and theoretically calculated (Fig. 2) Doppler broadening data leads to a simple
conclusion: the positron data in are dominated by split Ga vacancies in all the $-Ga,O3; samples, irrespective of type of
dopant or conductivity. The dominance of the split Ga vacancy signal indicates that their concentrations are at the level of
10 cm® or higher. This is remarkable as the doping concentrations in the n-type samples are of the same order of
magnitude,'®'7 suggesting that the electrical compensation caused by these split Ga vacancies is not necessarily very
efficient. Interestingly, the original data in Ref. 10 suggest that in the semi-insulating samples where high Ga vacancy
concentrations were detected, the vacancies have much larger open volume than the split vacancies, such as found in
unrelaxed Ga vacancies or (split) Ga vacancy — O vacancy complexes.'” Very recent experiments in H implanted B-Ga,O3
suggest® that the interplay between H and the various types of Ga vacancies is the key to understanding the electrical
compensation in n-type B-Ga,Os, and further work is still required to elucidate the mechanisms.

Closer inspection of Figs. 2 and 3 reveals that the detailed identities of the split Ga vacancies in the p-Ga,O3z samples
cannot yet be revealed. While the overall magnitude of the anisotropy in the experiments generally corresponds to that of
the split Ga vacancies (also ic type'®), the detailed behavior in particular in the [001] and [100] directions is different in
experiments and theory. Note, however, that the overall anisotropy in experiments should be smaller than in theoretical
calculations due to the finite aspect ratio of the detector geometry.'® The detailed identification is also complicated by the
fact that temperature-dependent positron lifetime experiments discussed in detail in Ref. 17 show that most of the crystals
contain a distribution of several types of defects, all contributing to the Doppler broadening signals. Further work is still
required for full identification of the (split) Ga vacancy defects that are clearly abundant in 3-Ga;Os.

5. SUMMARY

We have performed positron annihilation spectroscopy in Doppler broadening mode on a wide range of B-Ga,O3 bulk
crystals and thin films with various doping levels. We compare the results to state-of-the-art theoretical calculations. The
Doppler broadening signals, characterized by the S and W parameters, exhibit colossal anisotropy earlier found only in
fundamentally low-dimensional systems such as graphite or carbon nanotubes. Utilizing this anisotropy for defect
identification allows us to conclude that almost all B-Ga,0Os; samples studied so far contain significant, at least 10*® cm?,
concentration of split Ga vacancies. As this finding holds irrespective of doping or conductivity, the electrical
compensation of n-type p-Ga,Os is more complicated than simple formation of acceptor-type vacancy defects. Further
work is in progress to elucidate the detailed mechanisms governing the formation of compensating defects in n-type p-
Gay0s.
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