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Direct identification of As vacancies in GaAs using positron annihilation calibrated
by scanning tunneling microscopy
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We report on the identification of native vacancies in GaAs by positron annihilation with a special emphasis
on As vacancy-related defects. In annealed highly Si-doped GaAs, we observe a neutral vacancy defect with a
positron lifetimet of 280–285 ps and a high intensity of the core annihilation, in contrast to Ga vacancies
which exhibit a lifetime of;260 ps and a lower intensity of the core annihilation. This defect is identified by
scanning tunneling microscopy measurements to be an As vacancy SiGa donor complex. We find that the same
defect is also present in lown-doped GaAs, where it was earlier assigned to a neutral As vacancy. The high
positron lifetime is explained by a large outward lattice relaxation. Theoretical calculations of the momentum
distribution employing free atomic wave functions are in good agreement with the experimental results,
provided only relative changes are considered and an outward lattice relaxation is included which yields the
experimental positron lifetime. These calculations also yield annihilation parameters for Ga vacancies, in good
agreement with the experiment. Our results demonstrate that vacancies in both sublattices of GaAs can directly
and unambiguously be identified by positron annihilation once the annihilation characteristics are calibrated by
a complementary method. On the basis of this identification, the abundance of As vacancies in GaAs is
discussed in terms of stoichiometry and formation energies.

DOI: 10.1103/PhysRevB.63.045203 PACS number~s!: 78.70.Bj, 61.72.Ji, 68.37.Ef
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I. INTRODUCTION

Defects govern to a large degree the properties of se
conductors. In order to predict the effect of a particular e
semble of defects on the electronic or optical properties o
semiconductor, it is necessary to unravel not only the pr
erties of the defects, but also to identify their types and c
centrations. Positron annihilation spectroscopy~PAS! has
proven to be a very versatile and useful tool to determine
particular the concentrations and nature of vacancy defe1

However, an unambiguous identification of the vacan
which traps the positron often remained a difficult proble
in compound semiconductors, where anion and cation va
cies and complexes between these vacancies and dopa
oms can occur. This is a particular important problem
GaAs, since the electronic structures of Ga and As are v
similar, and, hence, should lead to nearly the same posi
lifetime for vacancies on both sublattices.

In order to overcome this drawback, the method of Do
pler coincidence spectroscopy was recently developed e
cially for defect identification in semiconductors,2–4 extend-
ing earlier work on metals.5,6 This technique allows one to
probe the annihilation momentum distribution at high m
mentum, where it carries chemical information due to an
hilation with core electrons.2,4 This effect can be used t
identify the chemical surrounding of vacancies, i.e., the s
lattice, and formation of impurity vacancy complexes. It
possible to calculate the core annihilation with rather sim
methods based on free atomic wave functions. Such calc
0163-1829/2001/63~4!/045203~9!/$15.00 63 0452
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tions in many cases allow an unambiguous identification
vacancy defects because the momentum distribution for
eral defect configurations can be efficiently computed a
compared with experimental results.2 This was demon-
strated, e.g., forVGa-TeAs complexes in Te-doped GaAs7

However, the theoretical description has some limitatio
which hinder a detailed defect identification in certain cas
For example, the core annihilation in GaAs is dominated
3d electrons, which carry high momenta but which are le
localized in GaAs than in the free atoms.3 As a result, calcu-
lations based on the wave functions of free atoms yield
tensities of the core annihilation that are too high, especi
with Ga 3d electrons. Since the momentum distribution
As vacancies is dominated by annihilation with 3d electrons
from the surrounding Ga atoms, it was assumed that s
calculations would not yield reliable results, i.e., a too hi
intensity for the momentum distribution at As vacancies.3 It
is possible to improve the calculation of annihilation para
eters by using more sophisticated theoretical methods,
cluding the effect of the true band structure of the soli8

However, the improved calculations are computationa
much more demanding than simpler ones based on ato
wave functions. Adirect identification of As vacancies in
GaAs by PAS has thus not yet been achieved. Earlier ass
ments of defects to As vacancies were based on indirec
guments, i.e., on an interpretation of ionization levels.9–12

The momentum distribution of such vacancies was cha
terized by angular correlation of annihilation radiation,13,14

which mainly probes the low-momentum range and thus p
©2001 The American Physical Society03-1
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vides no direct chemical sensitivity. An independent and
rect defect identification was not attempted, as compari
with theory was limited to the simple case of isolated vac
cies and yielded only a qualitative agreement.15 The assign-
ment to As vacancies was therefore based on an earlie
terpretation of ionization levels.9–12

It is, however, desirable to obtain adirect microscopic
defect identification using PAS for all types of vacancie
This direct identification can be achieved by calibrating
PAS signal using a reference standard, i.e., a sample kn
to contain As vacancies. The experimental results could t
be compared to theoretical calculations, which would in tu
allow one to test the degree to which the approximations
the calculation continue to yield accurate results. Ultimate
such a calibrated PAS would allow one to provide, f
samples with unknown types of vacancy defects, a full id
tification of the vacancy defects present. The methodol
outlined above depends on the availability of suitable re
ence samples. For providing such reference samples it is
essary to identify the presence of As vacancies in GaAs
the basis of a complementary method. This can be achie
by cross-sectional scanning tunneling microscopy~STM!,16

where the bulk defects are exposed on a cleavage surface
directly imaged with atomic resolution. Atomically resolve
STM images provide the basis for an identification of t
defects, and enable measurements of their concentration17,18

Since such experiments are rather complex and time c
suming, STM can only be applied to a few referen
samples, which may then serve as a calibration standard
other methods like positron annihilation.

In the present work, we demonstrate the calibration
positron annihilation spectra of vacancies in GaAs using
erence samples, whose defects were previously characte
by scanning tunneling microscopy.16,19 We identify the fea-
tures in spectra, distinguishing positron annihilation in
vacancies from that in Ga vacancies by using refere
samples with As vacancies. Furthermore, we test the ex
to which calculations allow an accurate description of
spectra using the example of As vacancy-related comple
Our results provide a methodology on how to identify una
biguously defects in both sublattices of GaAs by positr
annihilation.

This paper is organized as follows. Section II describes
experimental details and sample materials investigated
Sec. III A we demonstrate the detection of As vacan
related defects by PAS in lown-doped and annealed highl
Si-doped GaAs. These vacancies are shown to be compl
with SiGa donors by STM in Sec. III B. In Sec. IV A annihi
lation parameters from theoretical calculations are show
be in surprisingly good agreement with the experimental
sults, providedrelative changesof the momentum distribu-
tion are considered. Finally, we discuss the role and ab
dance ofVAs in light of earlier experimental and theoretic
results.

II. EXPERIMENT

The samples investigated were Si-doped and intention
undoped n-type GaAs. Highly Si-doped GaAs„@Si#
04520
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5(2.5– 6.0)31019cm23, measured by secondary ion ma
spectroscopy… was grown by the vertical Bridgman~VB!
method. The samples were investigated in the as-grown s
and after annealing for 2 h at 1130 °C in a closed quartz g
ampoule under low As pressure. The carrier concentrati
were (1.2– 2.0)31018cm23 and (4.5– 7.0)31018cm23 in as-
grown and annealed materials, respectively. As a typical
ample for material previously thought to contain A
vacancies9–12 we investigate intentionally undoped,n-type
GaAs grown by the horizontal Bridgman~HB! method.11

The carrier concentration wasn55.931016cm23. In this
sample, a surprisingly high silicon concentration of 2
31018Si cm23 was detected by SIMS. For comparison, w
investigate lightly Si-doped GaAs (n5131016cm23) grown
by the liquid-encapsulated Czochralski~LEC! method. Zn-
doped, LEC-grown GaAs (p5531017cm23) was used as a
reference for positron annihilation in GaAs free from po
tron trapping at vacancies.

Positron lifetime spectroscopy was performed using
conventional fast-fast-system~time resolution 250 ps! in a
temperature range between 30 and 550 K. About (4 –
3106 events were collected in each lifetime spectrum. T
annihilation momentum distribution was observed by Do
pler broadening coincidence spectroscopy at room temp
ture using a setup of two Ge detectors~system resolution
1.03 keV!.20 In each Doppler spectrum, about 1.53107 co-
incident events were collected. The intensity of the annih
tion with high-momentum core electrons was characteri
by the W parameter, defined as the relative intensity in t
momentum range (15– 20)31023m0c. The W parameter is
normalized to the valueW50.0074 of a GaAs:Zn reference
Theoretical calculations of the annihilation parameters w
performed employing free atomic wave functions using
method introduced in Refs. 2 and 3. The momentum dis
bution was obtained by summing up the contributions fro
each core-electron state weighted with its partial annihilat
rate. The partial annihilation rate was calculated using
generalized gradient approximation~GGA! of electron-
positron correlation.21 From the theoretical calculated mo
mentum distribution, theW parameter was determined in th
same momentum range as the experimental one. Pos
lifetimes were also calculated using the GGA scheme.

The highly Si-doped GaAs samples were investigated
STM in the as-grown state and after annealing. The sam
were cleaved along a~110! plane in ultrahigh vacuum (5
31029 Pa), and investigated by scanning tunneling micr
copy to observe the exposed bulk defects. Details of the te
nique used are described in Refs. 16 and 18.

III. EXPERIMENTAL RESULTS

A. Defect assignment by positron annihilation

Figure 1 shows the positron lifetime as a function of te
perature of the differentn-doped GaAs samples investigate
For comparison we included the respective data of Zn-do
GaAs, in which no vacancy defects are detected. The sl
increase of the average positron lifetimetav with temperature
in Zn-doped GaAs is due to thermal lattice expansion.1,12 tav
is 22861 ps at 300 K, in agreement with previous results
3-2
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DIRECT IDENTIFICATION OF As VACANCIES IN . . . PHYSICAL REVIEW B63 045203
the positron lifetimetb in GaAs free from trapping at vacan
cies. Concentrating on the differentn-doped samples we find
rather large differences between them.

~i! As-grown highly Si-doped GaAshas an average pos
tron lifetime well above that of the bulk GaAs, indicating th
presence of vacancy defects. We find a defect-related
time tdef of 26262 ps. This result is in agreement with pr
vious PAS and STM measurements of as-grown highly
doped GaAs.16,17 The vacancies were identified to be G
vacancy–SiGa-donor complexes with a concentration of
31018cm23.17 The strong decrease oftav to low tempera-
tures is due to positron trapping at SiAs

2 acceptors. The
SiAs

2 acceptors act as shallow positron traps at low temp
tures with a positron lifetime close to the lifetimetb in the
perfect GaAs lattice.1,22

~ii ! Annealed highly Si-doped GaAs: The positron signal
is different in a sample from the same highly Si-doped Ga
crystal after annealing:tav is reduced and reachestb at T
,150 K. tav is still abovetb at high temperatures. Agai
this indicates the presence of vacancies. However, the de
related positron lifetimetdef has increased to 280–285 p
This indicates a different nature, i.e., a larger open volum
of the vacancy defect compared toVGa-SiGa in as-grown ma-
terial. On the other hand,tdef is well below the value calcu
lated for divacancies in GaAs~e.g., 332 ps in Ref. 7!. There-
fore, the vacancies in annealed highly Si-doped GaAs sho
also be monovacancies. The decrease of the average po
lifetime tav with temperature in annealed GaAs:Si is aga
attributed to positron trapping at negative ions, presuma
SiAs

2 acceptors. The behavior oftav as a function of tem-
perature strongly indicates that the vacancies in anne

FIG. 1. Average positron lifetime~lower part! and defect-related
lifetime ~upper part! as a function of the temperature in differe
GaAs samples as indicated in the figure.
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highly Si-doped GaAs are neutral. Positron trapping at n
tral vacancies is independent of the temperature, whe
competing trapping at negative ions increases with decr
ing temperature.23 Thus, in the case of neutral vacancies,tav
decreases permanently with decreasing temperature unt
ther the lowest temperature or the value for annihilation
the negative ions~i.e.,tb! is reached. This is observed in Fig
1, showing that the vacancies are most probable neutral.
the determination of the vacancy concentration, one ha
take into account that the trapping coefficient for neutral
cancies~in the low 1014-s21 range! is known with limited
accuracy only~for negative vacancies it is 1015s21!.24 In
addition, the negative ions influence positron trapping ev
at the highest measurement temperatures~tav does not reach
a constant value!. Therefore, we can only determine alower
limit of the vacancy concentration of about 531017cm23 in
annealed highly Si-doped GaAs.

~iii ! The very low Si-doped GaAssample has an averag
positron lifetime very similar to that of the Zn-doped GaA
This indicates a concentration of vacancies below the de
tion limit of about 531015cm23.24

~iv! A defect-related positron lifetime of 280–285 ps
also found in theunintentionally n-dopedGaAs sample.tav
is larger thantb , but has a more complex dependence
temperature than in the other samples. The decrease oftav at
T,150 K is attributed to positron trapping at negative io
as in the other samples. The increase oftav with decreasing
temperature between 200 and 500 K is, however, interpre
as the signature of a change of the charge state of the va
cies due to a temperature driven shift of the Fermi le
toward the conduction band.11 The existence of an ionization
level was previously confirmed with Hall-effec
measurements.11 On this basis the vacancies in unintentio
ally doped GaAs were assigned to be As vacancies9–12 be-
cause the ionization levels ofVAs are in the upper half of the
band gap according to theory, whereas Ga vacancies h
ionization levels below midgap.25,26This conclusion is, how-
ever, crucially dependent on the accuracy of the calcula
ionization levels, which can deviate rather significantly d
pending on the calculational method. Independent from t
interpretation, we will characterize the vacancy defects
more detail. First, we found a defect-related positron lifetim
tdef of about 280–285 ps, very similar to that found in a
nealed highly Si-doped VB GaAs~see the upper part of Fig
1!. This indicates a similar type of vacancy defect in bo
materials. Bearing in mind the uncertainties of the trapp
coefficient discussed above, we estimate a vacancy con
tration of about 931017cm23 in the unintentionallyn-doped
sample.

At this stage we have to apply Doppler broadening sp
troscopy, since it provides additional information about t
type of the vacancy present in the annealed highly Si-do
GaAs and the unintentionallyn-doped GaAs. The fraction o
positrons annihilating in vacancies is given byh5(Wb
2W)/(Wb2Wdef)5(tav2tb)/(tdef2tb). The measuredW
parameter thus depends linearly ontav if the defect density
changes~h! and not the defect type~tdef or Wdef!. Different
linear variations are expected for different types of defe
becausetdef or Wdef should be different. In Fig. 2,W is
3-3
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J. GEBAUERet al. PHYSICAL REVIEW B 63 045203
shown as a function oftav for the samples investigated i
this work. The data for the annealed highly Si-doped V
GaAs sample and the unintentionallyn-type HB GaAs
sample fall on the same line. Because we also detect
same defect-related lifetime, the vacancy defect is indeed
same in both samples. The linear variation is different fr
that in as-grown material, which is typical forVGa-SiGa
complexes.7 Note that, for a giventav, theW parameter for
VGa-SiGa complexes is lower than that for the vacancy d
fects with a defect-related positron lifetime of 280–285
~Fig. 2!. Thus the intensity of annihilation with high
momentum core electrons in the range (15– 20)m0c is lower
in VGa-SiGa complexes than in the vacancy defects w
tdef5280– 285 ps. In GaAs, the main contribution to t
core annihilation comes from 3d electrons.2,3 The 3d elec-
trons of Ga (Z531) are more weakly bound than those of A
(Z533), and thus have a larger spatial distribution. Posit
annihilation in a vacancy occurs mainly with electrons b
longing to the surrounding atoms. Therefore, the over
with the positron wave function is stronger in the As vacan
surrounded by Ga atoms than in the Ga vacancy surroun
by As atoms. Thus the intensity of the annihilation with co
electrons is expected to be larger for As vacancies comp
to Ga vacancies. However, no influence or only a marg
influence on the positron lifetime is expected.2,3 It follows
that the vacancies withtdef5280– 285 ps are likely related t
As vacancies because the intensity of the annihilation w
high momentum core electrons is higher than that
VGa-SiGa complexes.

Additional support for this assignment comes from t
detailed investigation of the annihilation momentum dis
bution ~Fig. 3!. The momentum distribution inannealed
highly Si-doped GaAs and unintentionallyn-doped GaAs de-
cays steeper than the momentum distribution inas-grown
highly Si-doped GaAs@Fig. 3~a!#. In order to reveal the dif-

FIG. 2. W parameter as a function of the average positron l
time. Experimental data for the samples of this work are indica
by solid symbols. The individual errors for each data point are
the order of the symbol size. The annihilation parameters for
respective type of vacancies according to the trapping model,
corresponding to full trapping, are indicated by open symbols.
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ferences more clearly, in Fig. 3~b! we present the same da
normalized to the data of the Zn-doped GaAs refere
sample. We show only the data at high momenta which
relevant to the annihilation with core electrons of intere
here.3 Positron trapping at vacancies causes a decrease
tensity of the core annihilation, whereas the annihilation w
low-momentum valence electrons increases. For the norm
ized data, the intensity in the high-momentum region
therefore reduced compared to bulk GaAs~which corre-
sponds to a ratio of 1!.

The momentum distribution in as-grown highly Si-dop
GaAs decays less steeper than in bulk GaAs, i.e., the rat
Fig. 3~b! increases to high momentum. Core annihilation
bulk GaAs occurs with electrons from As and Ga. The mo
strongly bound As 3d electrons are less localized in mom
tum space than the more weakly bound Ga 3d electrons,
the momentum distribution decays less steeper for annih
tion with As 3d electrons.3 The momentum distribution in
as-grown highly Si-doped VB GaAs is therefore consist
with positron annihilation in Ga vacancies.7 The momentum
distribution for isolatedVGa has the same shape as the m
mentum distribution ofVGa-SiGa, because the Si donor o
the second next lattice site does not contribute significa

-
d
f
e
.,

FIG. 3. ~a! High-momentum part of the annihilation momentu
distribution in annealed highly Si-doped VB GaAs~h!, uninten-
tionally n-doped HB GaAs~d! and in as-grown highly Si-doped
VB GaAs ~n!. The spectra are as measured.~b! High-momentum
distribution for the same samples normalized to the data of a
doped GaAs reference sample. Symbols are the same as in~a!.
Lines are to guide the eye only.
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to the annihilation.7 In a recent study, we measured the a
nihilation momentum distribution for pure metallic As an
As precipitates in nonstoichiometric GaAs layers.27 The
shape of the momentum distribution was in agreement w
that for VGa-SiGa as shown in Fig. 3, supporting our concl
sions. The positron lifetime for annihilation at the As pr
cipitates was about 345 ps,27 ruling them out as being re
sponsible for positron trapping in our bulk samples. This
in accordance with the knowledge that As precipitates
bulk GaAs have a concentration below the detection limit
positron annihilation.28 In contrast to the behavior discusse
above, the momentum distribution inn-type HB GaAs and
annealed highly Si-doped VB GaAs decays more stee
than in the bulk, i.e., the ratio decreases to high mome
This indicates annihilation with weakly bound Ga 3d ele
trons. Therefore, the vacancies should indeed be As va
cies, in agreement with the suggestion above. The shap
the momentum distribution is the same for both samp
again confirming independently that the defect type is
same in both samples.

To summarize the experimental findings of PAS, we d
tect in annealed and unintentionallyn-doped GaAs vacancie
with annihilation parameters different from that ofVGa-SiGa
complexes in as-grown highly Si-doped VB GaAs. The hi
intensity and the shape of the annihilation momentum dis
bution point toward As vacancies. However, a closer ide
fication is not possible without additional information, i.e.,
is not possible to decide whether the As vacancies are
lated or part of a defect complex. In principle, a comparis
with theoretical calculations of the annihilation paramet
could provide this information. However, at present it is n
clear whether the calculations provide correct results for
vacancies as discussed above. Therefore, in Sec. III B
introduce reference samples characterized by scanning
neling microscopy which allow us to relate the positron a
nihilation signals with a particular defect.

B. Scanning tunneling microscopy ofVAs-SiGa complexes

We investigated a set of reference samples by STM
determine what kind of vacancies occur in these materi
For this purpose we exposed the defects by cleavage
~110! cleavage surface, and imaged them by STM w
atomic resolution. The nonpolar~110! cleavage surfaces o
III-V semiconductors are well suited for the identification
point defects, due to their simple 131 reconstruction and the
absence of surface states in the band gap. The observati
point defects by STM includes vacancies29,30 and vacancy
complexes31,32 as well as bulk AsGa antisites,33 dopant
atoms,34,35 heterostructures, and interfaces.36,37 It was thus
demonstrated that comparison of STM images with a la
variety of measurements of surface defects and calculat
of density-of-states distributions allows the identification
the type of defect causing the local change in the densit
states imaged by the STM.18

STM measurements revealed that as-grown Si-do
GaAs containsVGa-SiGa complexes16 which where also
found by PAS.17 After annealing, an additional type of va
cancy appears in highly Si-doped GaAs.19 Figure 4 shows
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high-resolution constant-current images of the occupied
empty states of this defect. An occupied As dangling bond
missing, but no Ga empty dangling bond. No wide elevat
or depression is detected, indicating that the defect exhi
no local band bending. Therefore, the defect is electrica
neutral. The structure of the defect is very similar to that o
and As vacancies studied on GaP, InP, and GaAs~110!
surfaces,29,30 indicating that the defect consists of an As v
cancy. Since no missing Ga dangling bond is detected in
empty-state image, the defect cannot consist of a Ga
cancy. The defect exhibits an asymmetry along the ato
chains, distinctively different from previous observations
isolated vacancies.30 This indicates that the defect is not a
isolated vacancy but rather a complex consisting of an
vacancy and another defect. BecauseVAs is expected to be
negatively charged onn-doped GaAs~110!,38 the other defect
must be positively charged. In heavily Si-doped GaAs, o
the SiGa donor is positively charged. The raised empty da
gling bond therefore indicates the position of a SiGa donor.
The asymmetry of the defect is the signature of a dip
character in agreement with previous observations
ZnIn-VP ~Ref. 32! and ZnGa-VAs ~Ref. 31! complexes. Thus,
the defect is assigned to a SiGa-donor–As-vacancy complex
A density of (5.863.9)31018cm23 VAs-SiGa complexes
was estimated by STM.19

On this basis we now have two types of samples:
grown samples with Ga-vacancy–SiGa-donor complexes, and
annealed samples with As-vacancy–SiGa-donor complexes.
We can now use these two samples to relate the posi
annihilation signals directly to the two types of vacancy d
fects. Thus the defect with a positron lifetime of 262 ps is
Ga-vacancy–SiGa-donor complex, whereas the defect wi
the positron lifetime of about 285 ps is an As-vacanc
SiGa-donor complex. These identifications are fully comp
ible with the above discussion of the properties estima
from PAS measurements. The concentration values are
in agreement,17 taking into account that the PAS yields

FIG. 4. Occupied~a! and empty~b! density-of-state images o
the vacancy defect formed during annealing of highly Si-dop
GaAs.~c! and~d! are line profiles along the atomic rows in frame
~a! and ~b!, respectively. The images have been acquired at22.5
and12.2 V ~0.3 nA!, respectively. The defect is identified to be
SiGa-donor–As-vacancy complex~see the text!.
3-5
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lower limit of the vacancy concentration in the annealed m
terial. Based on these results we can conclude directly
positron trapping at vacancies in highly Si-doped VB Ga
and unintentionallyn-doped HB GaAs is due toVAs-SiGa
complexes, and not due to isolated As vacancies or
vacancy-related defects. The positron annihilation sign
presented above can thus be taken as reference spect
further determinations of the types of vacancies in GaAs
otherwise unknown microscopic structure.

IV. DISCUSSION

A. Positron annihilation parameter of VAs-SiGa

complexes—theory vs experiment

This section will focus on a comparison of the measu
positron annihilation parameters of theVAs-SiGa complexes
with theoretical calculations. The direct and independ
identification of the defect complexes serves as a test gro
to check the reliability of the theoretical calculations.

First, a positron lifetime of 232 ps was calculated f
annihilation in defect-free GaAs. This value is slightly high
than the experimental one of 22861 ps. Therefore, in the
following all the calculated positron lifetimes are scaled b
factor of 228/232 to ensure direct comparability betwe
theory and experiment. This scaling approach is adap
from Refs. 21 and 39, where it was shown to yield go
agreement with experiments. The reason to use a sca
~instead of taking, e.g., the difference! is that the discrepan
cies between calculated and measured lifetimes are to a
degree proportional to the positron lifetime itself. This arg
ment holds for vacancies and for the defect-free bulk,
cause the positron lifetimes are calculated within the
called conventional scheme in which the electron posit
correlation depends only on the electron density but not
the localization of the positron.21,39

Next we discuss theVGa-SiGa complexes present in as
grown highly Si-doped GaAs. The experimental annihilati
parameters forVGa-SiGa complexes ~tdef526262 ps and
Wdef50.7360.01; Fig. 2! are in close agreement with th
theoretical results~tdef5263 ps andWdef50.72!, which are
calculated without taking lattice relaxation into account. T
is shown in Fig. 5. The shape of the calculated momen
distribution ofVGa-SiGa was also shown to be in agreeme
with the experiment.7 Thus the calculations provide reliab
results for Ga vacancy-related defects. This is supported
recent first-principle calculations for isolated Ga vacancie
which lattice relaxations were fully taken into account39

Only a weak inward relaxation was found forVGa resulting
in a positron lifetime of 260 ps and aW parameter of 0.72,39

close to the values for the unrelaxedVGa-SiGa complex cal-
culated in the present work.

A direct identification ofVAs-SiGa complexes now pro-
vides the opportunity to directly compare their annihilati
characteristics with theoretical calculations. First the ann
lation parameters forVAs or VAs-SiGa are calculated withou
taking lattice relaxation into account. The calculated posit
lifetime is 263 ps for both defects. The same positron li
time ~263 ps! was calculated for the Ga-vacancy–SiGa-donor
complex. This highlights the importance of additional e
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periments~e.g., Doppler broadening measurements! because
positron lifetime measurements alone would not be able
distinguish between the different defects. The calculatedW
parameters forVAs (0.92) andVAs-SiGa ~0.86! are signifi-
cantly higher than forVGa-SiGa ~0.72!, in accordance with
the qualitative discussion in Sec. III A. However, the calc
lated values are not in agreement with the experimental
sults for VAs-SiGa ~tdef528368 ps andWdef50.7160.03;
Fig. 2!. The calculated positron lifetime is lower whereasW
is much higher~Fig. 5!. It is assumed that the calculation o
positron lifetimes is not strongly influenced by the difficu
ties in the theoretical treatment of the annihilation mome
tum distribution.2,3 Therefore, the open volume of th
VAs-SiGa complex is larger than expected, indicating an o
ward lattice relaxation. The same conclusion was drawn
earlier studies.10,12

Due to this discrepancy, calculations were also perform
for relaxed configurations in which the distance of the fo
atoms neighboring the As vacancy was increased so that
move away from the center by a certain percentage of
original distance. The results are shown in Fig. 5 with t
percentage of relaxation indicated. The basic idea is to
that relaxation which yields the experimental positron lif
time ~280–285 ps!. Then the corresponding momentum di
tribution can be compared with the experiment. A positr
lifetime of 283 ps was calculated for an outward breathin
mode relaxation of 5% for eitherVAs or VAs-SiGa. The life-
time is in agreement with earlier theoretical work.40 The cal-
culation then predicts aW parameter for theVAs-SiGa
complex (W50.72) in close agreement with the experime
(W50.71), whereas the calculatedW is much higher for the
isolated As vacancy (W50.83) ~Fig. 5!. Note that the calcu-
lated annihilation parameters for the isolated As vacancy
in disagreement with the experiment even within the re
tively large experimental uncertainties for theVAs-SiGa com-
plex.

FIG. 5. W parameter as a function of the average positron li
time for defect complexes in GaAs as indicated. The lattice rel
ation considered in the calculation~see text! is shown. Solid sym-
bols are the experimental annihilation parameters forVGa-SiGa

complexes~d! andVAs-SiGa complexes~m!.
3-6
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The experimental annihilation momentum distribution
directly compared with the theoretical result in Fig. 6 in o
der to check more closely for the agreement between the
and experiment. For the comparison, the annihilation m
mentum distributionf vac of the vacancy has to be extracte
from the measured momentum distributionf exp shown in
Fig. 3. f exp5(12h)fbulk 1h f vac is the superposition of the
momentum distributions in the defect-free GaAs latt
( f bulk) and in the vacancy (f vac). The fractionh of positrons
trapped at vacancies can be determined from the pos
lifetime results, andf bulk is known from the GaAs:Zn refer
ence. At room temperature,h is 0.16 in annealed highly
Si-doped GaAs and 0.39 in the unintentionallyn-doped
sample. The extracted momentum distributions are show
Fig. 6. They exhibit relatively large statistical fluctuatio
becauseh is rather small. However, the experimental an
hilation momentum distributions coincide within the statis
cal errors. In Fig. 6, the shape and intensity of the exp
mental momentum distribution are in agreement with
theoretical calculation for theVAs-SiGa complex imposing
5% outward relaxation, but disagree with that of the As v
cancy with 5% outward relaxation. Thus theory and expe
ment are in agreement, supporting further the identificat
of the vacancy defect as aVAs-SiGa complex.

It was shown previously that the theory employed in t
present study yields a too high intensity of the annihilat
momentum distribution in GaAs due to difficulties in treatin
the Ga 3d electrons.3 However, it might be expected tha
similar deviations apply for both the calculation of annihil
tion parameters for bulk GaAs as well as for As vacanc
This may explain the rather nice agreement of the theore
calculations with the experiments above, since we cons

FIG. 6. High-momentum part of the annihilation momentu
distribution for VAs-SiGa complexes in unintentionallyn-type and
annealed highly Si-doped GaAs. The data are compared with t
retical calculations forVAs and VAs-SiGa complexes, both relaxed
outward by 5%~solid lines!. The experimental data are scaled
full trapping at the defect. The theoretical results are not accura
low momentum due to the omission of valence electrons~Ref. 3!
and are therefore omitted.
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here only relative changes of the momentum distributi
i.e., normalizedW parameters or ratio curves. Summarizin
the results of this section show that the combination of P
experiments with theoretical calculations allows a dire
identification of vacancies and vacancy complexes in b
sublattices of GaAs provided the comparison is based
relative values.

B. As-vacancy-related defects in GaAs

Vacancies exhibiting a positron lifetime of around 290
were earlier assigned to neutral As vacancies.9–12 The
present results are based on a much more detailed m
scopic identification, and show that the As vacancies form
complex with SiGa donors. Furthermore, the complexes e
hibit an outward relaxation when a positron is trapped the
Interestingly, Po¨ykkö et al.,41 in a recent theoretical study
also found a large lattice relaxation associated with a neu
VAs-SiGa complex. In this work, only the displacement of th
Si atom was considered. Two stable configurations w
found, corresponding to a position of the Si atom close to
vacancy or displaced outward by about 60% along the~111!
direction. We calculated the positron annihilation paramet
for several such configurations with the present method
positron lifetime of 283 ps was obtained if the Si atom w
displaced outward by 20%. TheW parameter was 0.74, als
in reasonable agreement with the experiment. Thus
present method of defect identification can identify a giv
vacancy complex, but it is not possible to discriminate b
tween different atomic configurations, i.e., between a m
erate breathing-mode outward relaxation of all surround
atoms or a stronger outward relaxation of only one atom

The calculated annihilation parameters agree with the
periment if the Si atom is displaced by only 20%, in contra
to the value of 60% found to be the energetically favora
one in Ref. 41. The disagreement might be attributed to
fact that lattice relaxation of the surrounding atoms was
fully considered in Ref. 41. Nevertheless, the fact that
outward lattice relaxation is found forVAs-SiGa corroborates
our results. In contrast, a strong inward relaxation was c
culated for isolated As vacancies in the negative cha
state.42 It was also predicted that theVAs-SiGa complex could
exhibit metastability.41 However, no change of the positro
annihilation parameters was observed in all samples du
white light illumination at several temperatures between
and 300 K.

In previous observations, a transition of the defect-rela
lifetime from ;290 to ;260 ps was attributed to an add
tional 0/2 ionization level of the As vacancy.12 In the
present work, this transition is not observed, neither in
nealed highly Si-doped GaAs nor in unintentionallyn-doped
GaAs. The carrier concentrations in the highly Si-doped m
terial are high enough to pin the Fermi level at the cond
tion band at all temperatures~see, e.g., the calculation in Re
10!. Thus the negative charge state assigned toVAs should be
observable if it exists. However, it has been shown by sim
lations that the 290–260-ps transition could be a pure
merical artifact due to the additional presence of nega
ions acting as shallow positron traps.43 This is in agreement

o-
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with the fact that only one ionization level forVAs-related
defects was detected by electrical measurements11 or optical
excitation.44 However, we observe neutral defectcomplexes.
The isolated As vacancy is therefore negatively charged
highly n-type GaAs, where the Fermi level is close to t
conduction band. Therefore, two ionization levels~1/0 and
0/2! might be detectable by PAS forisolatedAs vacancies.
On the other hand, recent first-principles calculations
vealed a negative-U behavior for the isolated As vacanc
with a 1/2 transition near midgap.45,46 Thus the neutral
charge state ofVAs would not be stable and only one ioniz
tion level could be detected. These calculations could p
vide an alternative explanation for the experimental resu

Arsenic vacancies were mostly observed by PAS in l
n-doped GaAs, whereas in highly doped material donor
vacancy complexes~with tdef;260 ps! were found~see, e.g.,
Ref. 1 and references therein!. However, in the present wor
no sign of positron trapping was found in weakly Si-dop
GaAs~n51016cm23; see Fig. 1!. This particular sample wa
grown under As-rich conditions by the LEC method. On t
other hand, vacancy-related lifetimes higher than 260
have also been detected in highly Si-doped horizontal Bri
man grown GaAs (n;231018cm23!.47 Thus As vacancies
are not necessarily present in lown-doped GaAs, as one
might expect according to earlier work.10,12It was commonly
assumed that only Ga vacancies have a low formation en
in n-doped GaAs.48 However, in a recent work Chad
showed that also negatively charged As vacancies m
have a low formation energy in highlyn-doped GaAs.45 Fi-
nally, we observed Ga-vacancy-related complexes in
grown GaAs as well as in material annealed under high
vapor pressure.7 Both types of materials are As-rich, as is th
131016cm23 Si-doped LEC GaAs.28 Conversely, the an-
nealed highly Si-doped VB GaAs sample studied here c
tains As vacancy SiGa donor complexes. We attribute th
discrepancy to the fact that the defects present in the G
crystals depend critically on the exact composition. It is th
likely that the current sample has been annealed under
poor conditions. This interpretation is corroborated by a
cent thermodynamic analysis of Hurle, who showed t
horizontal Bridgman growth of GaAs occurs often under G
rich conditions.28 Therefore, the unintentionallyn-doped HB
GaAs samples should represent a Ga-rich material. Th
supported by the high degree of compensation observed
cause it is known that growth of Si-doped GaAs under G
-
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rich conditions lead to closely compensated material.28 We
thus infer thatVAs are present preferentially in As-poor ma
terial, whereasVGa occurs in As-rich material, in line with
the expectations from stoichiometry.

V. SUMMARY

In this work we demonstrated a direct identification
vacancy defects in both sublattices of GaAs by positron
nihilation. This could be achieved by ‘‘calibrating’’ the an
nihilation characteristics of As vacancies with scanning tu
neling microscopy measurements. In annealed highly
doped GaAs, we found vacancies by PAS with a posit
lifetime of about 280–285 ps and a high intensity of the co
annihilation momentum distribution. The annihilation cha
acteristics are similar to those of vacancies in lown-doped
GaAs. The intensity and shape of the annihilation mom
tum distribution are different from that of Ga vacancies, p
viding evidence that the vacancies indeed belong to the
sublattice. Using cross-sectional scanning tunneling micr
copy measurements, we identified in the annealed highly
doped GaAs As-vacancy–SiGa-donor complexes. This iden
tification allowed a direct comparison of the PAS data w
calculations of the momentum distribution. According to t
high positron lifetime, theVAs-SiGa complexes exhibit an
outward lattice relaxation. If this lattice relaxation is take
into account, the relative momentum distribution calcula
for VAs-SiGa ~but not for isolatedVAs! is in good quantitative
agreement with the experiment. A similar good agreem
was previously found for Ga-vacancy-related complexe7

Therefore, the comparison of experimental PAS with the
retical calculations based on wave functions of free ato
allows a direct and unambiguous identification of vacan
defects in both sublattices of GaAs, provided normaliz
data are compared. We suggest that Ga vacancies are f
in highly n-doped, arsenic-rich material. Complementarily
Ga-rich composition favors the formation of As vacancie
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