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Abstract: We describe the two dimensional angular correlation of positron annihilation radiation
(2D-ACAR) method and show that it can be advantageously used to study the electronic structure of
defects, in addition to standard positron lifetime and Doppler broadening measurements. Using anni-
hilation fractions determined by lifetime measurements, we separate 2D-ACAR distributions for
negatively charged and neutral arsenic vacancies in n-type GaAs. In electron-irradiated semi-insulat-
ing GaAs, we present 2D-ACAR results for the negatively charged gallium vacancy and for positron
Rydberg states induced by gallium antisites. The 2D-ACAR for delocalized positrons, needed in the
separation process, has been obtained from measurements on as-grown semi-insulating GaAs. Our
results outline the capabilities of the 2D-ACAR technique when it is applied to the study of defects:
the electronic structure in the vacancies are found to be well described by recent molecular dynamics
calculations. The method also provides information about atomic relaxations around the vacancy
sites, they are in agreement with the calculated relaxations. We conclude that the 2D-ACAR method
is a promising tool to investigate defects in semiconductors.

1. INTRODUCTION

Defects play an important role in the electronic properties of semiconductors [1]. Even in very small con-
centrations they produce significant effects as they interact with the free carriers, acting as scattering cen-
ters, traps or recombination centers. It is thus important to investigate the defects. Their characterization,
as well as the understanding of their electronic properties, is an active field of research, with a large tech-
nological impact as the scale of the devices is constantly reducing. Different classes of defects are to be
found in semiconductors: impurities, vacancies, interstitials, antisites (in compound semiconductors) and
their complexes. Their existence depends on the mode of growth, thermal treatment, ion implantation, irra-
diation, surface and interface treatments.

Due to the large variety of effects they produce, defects are studied and characterized with various tech-
niques, each providing a specific piece of information. The classical techniques sensitive to the electronic
properties are the electrical and optical measurements and electron paramagnetic resonance. Positron anni-
hilation has recently proved to be a useful tool to perform numerous detailed investigations of defects in
semiconductors [2][3}[4]. Positrons are sensitive to the charge distribution in solids. In the case of an
attractive site, like a neutral or negatively charged vacancy, trapping of positrons may occur and the anni-
hilation characteristics will therefore be directly related to this local environment.

The positron annihilation technique provides three measurable quantities: positron lifetime, Doppler
broadening of the annihilation radiation and angular correlation of the annihilation radiation (ACAR). The
positron lifetime is proportional to the electron density at the annihilation site while Doppler and ACAR
techniques provide information on the electronic structure through the momentum distribution of the anni-
hilating electron - positron pairs. The latter two techniques also possess a directional resolving power
when single crystals are investigated. This property is rather unique among the probes mentioned above
and is specially attractive with the high resolution two dimensional angular correlation of annihilation radi-
ation (2D-ACAR) geometry discussed in this paper.
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The plan of the paper is the following. In Section 2 we describe the 2D-ACAR technique. We intentionally
omit descriptions of lifetime and Doppler techniques as they are to be found elsewhere in these proceed-
ings [S].

In Section 3 we discuss positron states for various defects in GaAs. We focus on different charge states of
native As vacancy (V,,) and the negatively charged Ga vacancy (Vg,). We also discuss positron Rydberg
states induced by Ga antisites (Ga,,). We briefly present how lifetime measurements provide accurate val-
ues of the annihilation fractions in the different defects. More details are given elsewhere in these proceed-
ings [5].

In Section 4 we present 2D-ACAR measurements performed in semi-insulating (SI), Si-doped and elec-
tron-irradiated GaAs. Using the partial annihilation fractions determined in Section 3, it is possible to
extract the 2D-ACAR components of the various defects. We have determined 2D-ACAR distributions for
Vs Vas V376, and Rydberg states around Ga? .

Before concluding in Section 6, we discuss the results in Section 5, where it is shown that the shape of the
2D-ACAR distribution reflects the local electronic structure at the annihilation site. When positrons anni-
hilate freely in the bulk, the 2D-ACAR probes the covalent bonds and other electronic states, providing
precise information on the electron momentum distribution in the defect-free crystal. When positrons anni-
hilate in a defect, we observe a quite different 2D-ACAR distribution. This demonstrates that the technique
is sensitive and well suvited to the study of the defects in semiconductors. From our measurements, we
deduce the following points:

1. The electronic structure of monovacancies is more isotropic than that of the bulk. To interpret this
result, Molecular Dynamics calculations are required. A recent calculation [6], using the Car-Parinello
approach [7], has shown that a substantial agreement exists between experiments and theory.

2. We have obtained direct experimental evidence for a large inward relaxation of V.

3. Positron Rydberg states induced by Ga? ,, antisites prove to be quite delocalized. Their electronic struc-
ture is very similar to the defect free GaAs.

A more detailed description of most of this work may be found elsewhere [8].

2. THE 2D-ACAR TECHNIQUE

The 2D-ACAR technique [9] measures N(p,,p,) the projection along the p, direction of the so-called two-
photon momentum density p?(p):

N(p,p,) = [p*(B)dp, 0
In the independent particle approximation p¥/(p ), is given by:

oce
2
PP (B) = const- 3 [[Pe (¥ (' @
n,
nk
where ¥, 3, and " are the electron and positron wavefunctions (z and k label the bands and the points

in the fundamental cell of the reciprocal lattice, see [10] for a more detailed discussion). The vectors p and

k are related by p = k+ G, where G isa reciprocal lattice vector,

As Eq. (2) shows, p¥(p) is related to the Fourier transform of the overlap of the positron and electron
wavefunctions. This means that N(p,.p,) reflects the electronic structure as seen by. the positron. If the
positron wavefunction is fairly delocalized in the interstitial region, as is the case in a defect-free lattice,
we obtain a signal from the valence bands. The inner electronic shells provide a smaller signal because the
positron, due to its positive charge, is repelled from the region of the core. If the positron is trapped in a
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vacancy, its wavefunction is localized and p?¥(p ) provides an insight to the electronic states in the defect.
We use this property to investigate the defects states by 2D-ACAR.

As the 2D-ACAR is by nature different from positron lifetime measurements, these two techniques are
complementary. Comparing Doppler and 2D-ACAR, which both probe the same physical quantity p*/(p ),
we point out two advantages of 2D-ACAR measurements:

1. It is more informative because it is a 2D distribution, where p2¥(p ) is integrated only once, while Dop-
pler measurements D(p, ) provide a less direct information due to a double integration:

D(p,) = [[p*(B)dp,dp, ®

2. The experimental resolution of the 2D-ACAR is much better (of the order of 0.5 x 103 mc, where m is
the mass of the electron at rest and ¢ the speed of the light in vacuum) than for Doppler measurements
(~4 x 103 mc).

The disadvantage of the 2D-ACAR technique is that it requires a longer counting time. Therefore, it is only

to be used in conjunction with lifetime and Doppler measurements, which remain important explorative

techniques using positrons as probes.

3. POSITRON STATES IN GaAs
3. 1. n-type GaAs

In n-type GaAs, positron lifetime experiments have shown [11] [12] that the native vacancies undergo two
Fermi level controlled transitions. The first transition takes place when the Fermi level goes below 30 meV
from the minimum of the conduction band (£,). It is experimentally detected as an increase in the positron
lifetime at the vacancy from 257 ps to 295 ps. When the temperature increases, the Fermi level decreases
even more and falls below E,, - 140 meV. There occurs a second transition which inhibits the positron from
trapping at vacancies. These observations are attributed to transitions in the charge state of the As vacancy:
Vips —> Vs, and Vo, . —> V7,

In a sample of Si-doped n-type GaAs with a carrier concentration of 6.2 x 10 cm at 300 X, it is possible,
using information obtained from lifetime experiments, to perform a decomposition of the 2D-ACAR mea-
sured at the two temperatures of 90 K and 300 K [8].

At 90K, the 2D-ACAR spectrum fgo([}) can be decomposed as
£°®) = '@+, 1 ) @
where fgo(f)) and V(} (P) are the 2D-ACAR fractions of the bulk and of the negative As vacancy, respec-
As

tively. Here, p denotes the pair of momentum components (p,, p,), while 1, and are the fractions of
y 2 P P Px py b th

As

ositrons annihilating in the bulk and at the vacancy with +1. . = 1. Using lifetime measurements,
P g y b TIVA g

the value of the trapping fractions have been determined to be 1, = 0.52 and n, = 0.48.

As
At 300 K, the 2D-ACAR distribution fSOO(ﬁ) can be decomposed following similar procedures. However,
the positron lifetime experiments show that the charge state transition of the As vacancy V- —> V°, is

300
f

not complete [8]. Consequently, (P)is given by:

s 5

£O@) =y @) + My fre® 1, 0 0) &)

The annihilation fractions in this case have been determined to be m, = 0.50, My = 0.35 and
As
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n,. = 0.15.

As

Once the annihilation fractions are known, the 2D-ACAR distribution of the neutral As vacancy ff,go(ﬁ)
As

can be extracted using Eq. (5). In this decomposition, we use the measurement of the undoped semi-insu-
lating GaAs reference sample at 300 K to determine the bulk distribution fgoo(ﬁ). The 2D-ACAR spectrum

ff,qo(ﬁ) for the negative As vacancy is obtained from the decomposition at 90 K (Eq. (4)) by substituting
A

s

f?’go(j}) = f?,‘; (P). This substitution is justified as we noticed that the 2D-ACAR distribution of the bulk

changed little from 300 K to 90 K. (The small change can be attributed to the thermal expansion of the lat-
tice.) We can thus presume that the distribution of the defect (V') similairly does not change substantially

from 300 K to 90 K . In this way the 2D-ACAR distributions of both negative and neutral vacancies can be
obtained from the original data using the results of lifetime experiments and the decomposition procedures

discussed above. The positron trapping by positively charged vacancies like V*4, has been considered in
[13]. It has been found that the trapping coefficient depends on the amplitude of the repulsive Coulomb
barrier. For reasonable barriers heights no significant trapping occurs; this is in agreement with the inter-
pretation of the lifetime measurements [11]. This explains why there is no annihilation fraction for V*, in
Eq. (5).

3. 2. Electron-irradiated semi-insulating GaAs

A similar procedure has been used to decompose the 2D-ACAR from a sample of semi-insulating GaAs
irradiated with a fluence of 5 x 10'7 cm™ of 1.5 MeV electrons. Lifetime measurements [14] provide the
following decomposition at 90 K:

Po®) = My B+ Ny o B) 4N Sae ) ©)

where the annihilation fractions have been determined to be 1, = 0.06, 1y = 0.1 and G- = 0.84

Vea
At 300 K the positron only annihilates from the bulk or at gallium vacancies and the decomposition is
given as

FO@) = %) + s f2 ©) @
The trapping fractions at 300 K are n, = 0.67 and M- = 0.33
Ga

As the decompositions given in Eq. (6) and Eq. (7) show, electron irradiation of SI samples results in the
production of Ga vacancies and Ga,, antisites. The latter defect, which we call shallow trap, acts as a cen-
ter for the formation of weakly bound positron Rydberg states.

4.2D-ACAR RESULTS

For the 2D-ACAR measurements, we have used a spectrometer composed of high density proportional
chambers [15]. The experimental details are given in [8]. The measurements were performed at 90 K and
300 K in the (110) plane of single crystalline samples of 1) semi-insulating, 2) n-type and 3) electron-irra-
diated GaAs. Using the decomposition procedures described in section 3 we have extracted the 2D-ACAR
shown in Figure 1 for bulk GaAs, V5, V4., V3, and Rydberg states around Ga® , antisites. The general
observation is that the results can be separated into two distinct groups: the first includes bulk GaAs and
Rydberg states and the second the three vacancy distributions. The origin of these two groups is explained
in section 5.

It is useful to consider the anisotropies of the 2D-ACAR distributions which are obtained by subtracting
their cylindrical mean. In Figure 2, we show the anisotropies for bulk GaAs, V'4,, V¥, and Rydberg states
around Ga?",, antisites. One notices that in fact the two groups introduced above are characterized by the
same topology of anisotropies. What distinguishes them is the intensities of the anisotropies, which are
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Figure 1:

2D-ACAR of different posi-
tron states in GaAs. Delocali-
zed positrons (bulk); neutral
(V°,,) and negatively (V)
charged As vacancies; Ryd-
berg states on Ga antisites
(Ga* ) and triply negative
charged Ga vacancies (V?-,)

Figure 2:

Anisotropies of 2D-ACAR for
different positron states in
GaAs. Delocalized positrons
(bulk); neutral (V°,,) and
negatively (V') charged As
vacancies, Rydberg states on
Ga antisites: (Ga® ) and tri-
ply negative charged Ga
vacancies (V*¢,)
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smaller for the vacancies.

5. DISCUSSION
5. 1. Annihilation of delocalized positrons

The annihilation of delocalized positrons in GaAs is well understood and from the experimental side good
reproducibility is obtained with previous measurements [16]. Various calculations of the theoretical 2D-
ACAR distributions have been made. A LCAO approach [17] provides a good description of the observed
features. The structures in the central region are the direct consequence of the covalent bonding of the p
atomic orbitals. In a compound semiconductor like GaAs, p orbitals from neighboring lattice sites form

Figure 3:

Bulk I\ 3 2D-ACAR distributions calcu-
e lated using a first-principle
%%;@%,zzaséof%:}rﬁm% ol il

- -«,;a,,'.u.lu,,‘;ué‘t‘s‘%‘m\\u\\\'@& molecular dynamics approach
2 -g.//z:,f”‘:;’;';',gl.é RS
0 S Delocalized positrons (bulk)
=, g in GaAs and negatively char-

ged As vacancy (V' 4,)

bonds with a noticeable intensity, unlike in elementary semiconductors where a cancellation occurs
because the atoms of the two sites are the same. Other calculations [18] using the pseudopotential method
are also in good agreement with the experimental findings and they explain why large anisotropies are
obtained for defect-free GaAs, as shown in Figure 2. Recently, a calculation based on a first-principle
molecular dynamics calculation has been performed [6]. Although the molecular dynamics method proves,
as we shall see below, to be unique for the calculation of the momentum density in defects, it also provides
a precise description of the bulk, as shown in Figure 3.

5. 2. Electronic structure of monovacancies

If the electronic structure of the defect-free GaAs has been well understood for a number of years, the elec-
tronic structure of defects, on the other hand, have not been investigated extensively so far. This is mainly
due to the difficulty of performing precise first principles electronic structure calculations in a non-peri-
odic structure. 2D-ACAR data require such theoretical investigations if one wants to take full advantage of
the information they embody. A very promising approach in this field are Car-Parinello molecular dynam-
ics calculations [7]. Recently, this technique has been used [6] to calculate the 2D-ACAR distribution from
positrons trapped in a monovacancy. The case of V', in GaAs has been investigated in a first-principles
study of the positron trapping that includes lattice relaxations induced both by the presence of the defect
and of the positron. The result of this study is shown in Figure 3, and one immediately notices a clear dif-
ference between trapped and free positron states. The shape of the calculated distribution for positron
localized in V-, is much more isotropic than for delocalized positrons. This is precisely what we find
experimentally. This is clear in Figure 1 when one compares with the 2D-ACAR from defect-free GaAs.
This is also seen in Figure 2: the anisotropies of V4, have smaller amplitudes than the one of defect-free
GaAs.

The agreement between measured and calculated 2D-ACAR from vacancies is very encouraging because
it opens a new and promising means to study details of the electronic structure of defects in semiconduc-
tors.

5. 3. Relaxation of V-5, and V°,

The atomic relaxations around the defects can also be investigated with use of 2D-ACAR if one looks at
the tails of the distribution (large momentum regions). The reason can be explained by considering the fol-
lowing three points: 1) As core electrons are localized in the real (lattice) space, their momentum density
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x10? distribution (in the reciprocal lattice space) will be delocalized

N and be largely predominant in the tails of the 2D-ACAR. 2) The
core electrons of the atoms surrounding the vacancy are not
affected by the local defect because they are strongly bound to
the atom. They can therefore be used as references to study relax-
ations. 3) The overlap of the wavefunction of the positron local-
ized in a vacancy with the wavefunctions of the surrounding core
electrons will depend in first approximation on the distance of
the surrounding electrons to the vacancy. As the intensity of the
2D-ACAR is proportional to this overlap, see Eq. (2), we may
expect to have an information on the positions of the surrounding
atoms. The advantage of 2D-ACAR over the positron lifetime
measurements, which also depend on the volume of the vacancy,
is that a 2D-ACAR distribution contains directional information.
Lo Hence, one should in principle be able to measure the relaxations

ool
10 15 20 25 in various crystallographic directions.
p, along [1 10] (mrad)

1D-ACAR rate (arb. unit)

Using these principles, we have investigated the tails of the 2D-
Figure 4: ACAR distributions of defect-free GaAs, Vu,, and Vo, A typi-
Tails of 2D-ACAR lines from cal result is shown in Figure 4 where large differences are
bulk GaAs, V' p, and V. obtained, indicating a charge-state-dependent relaxation of the
As vacancies in GaAs. We observe that V-, yields tail contribu-

tions larger than V°,.. According to our model, we conclude that V-, vacancies suffer a strong inward
relaxation. This result is in agreement with first-principles studies of fully relaxed vacancies [19].

5. 4. Positron Rydberg states

Positron lifetime measurements in electron-irradiated GaAs suggest that Ga>, gallium antisites act as
shallow trapping centers for the positron [14]. In this state the positron is weakly localized in a Rydberg
state with a mean diameter that is large compared to the interatomic distance. Therefore, it is expected that
the 2D-ACAR will be similar to that of the bulk. This is indeed what is obtained, as shown in Figure 1,
where we show the fraction of the 2D-ACAR from a sample of semi-insulating GaAs irradiated with a flu-
ence of 5 x 10" cm? of 1.5 MeV electrons. Small differences are nevertheless noticed when closely com-
paring 2D-ACAR anisotropies (Figure 2) from the Rydberg state and from the defect-free (untrapped)
positron state. These differences require further investigations for a detailed description of the positron
Rydberg state.

6. CONCLUSIONS

We have described the 2D-ACAR technique and shown that it is an additional tool to the more traditional
lifetime and Doppler broadening measurements in the study of defects in semiconductors by positron anni-
hilation. The main advantages of 2D-ACAR are high resolution and directional sensitivity.

‘We have outlined some of the capabilities of 2D-ACAR for the study of native vacancies in GaAs. We
have shown that the electronic structure of monovacancies can now be investigated both experimentally
and theoretically: 2D-ACAR measurements and first-principle molecular dynamics calculations show a
qualitative agreement. This opens up a new way for detailed investigations of these electronic structures.
We have also obtained information on the charge-related relaxations of the As vacancy in GaAs, which is
in agreement with calculations of fully relaxed configurations. Finally, we have shown that 2D-ACAR
provides direct evidence for the delocalized nature of the positron Rydberg states (shallow traps) induced
by Ga,, antisites.

If direct industrial applications of the 2D-ACAR technique have not yet been implemented, we are con-
vinced that in the future this technique shall find its place beside positron lifetime and Doppler broadening
measurements. 2D-ACAR is unique for the studies of defects that depend on crystallographic directions.
Moreover, as soon as a controlled implantation of a large flux of positrons will be available [20}[21], 2D-
ACAR shall provide insights on the electronic properties of epitaxial films, surfaces and interfaces. It is
very probable that all these new possibilities shall, in the coming years, trigger lots of progress in the char-



C1-80 JOURNAL DE PHYSIQUE IV

acterization of defects in semiconductors.
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