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Positron annihilation experiments have been performed to study the type and concentration of compensating
defects in highly Si-doped GaAs grown by molecular-beam epitaxy~MBE!. The results show the presence of
both Ga vacancies and negative ion defects, each of which act as acceptors inn-type GaAs. The concentrations
of both types of defects increase strongly for Si concentrations exceeding 531018 cm23. At @Si# >531019

cm23, the concentrations of Ga vacancies and negative ions are comparable, and their sum represents a
substantial fraction of the total concentration of Si itself. The results provide direct evidence that Ga vacancies
play an important role in the electrical deactivation of highly Si-doped MBE-grown GaAs.
@S0163-1829~96!51040-4#

Doping GaAs with Si efficiently yields free donor carriers
so long as the doping level is low.1 When concentrations of
Si exceed 531018 cm23, however, a strong deactivation is
observed. This phenomenon is often attributed to autocom-
pensation, whereby high Si concentrations lead to occupation
of Si in both group-III and group-V lattice sites.2 The
SiAs

2 acceptors compensate the SiGa
1 donors, resulting in a

self-deactivation of electrical activity.
There is increasing evidence, however, that the autocom-

pensation mechanism alone cannot account for the observed
deactivation.3–7 For example, in GaAs doped with Si at
331019 cm23, local vibration mode~LVM ! spectra5 reveal
three lines, which have been attributed to~i! Si acceptors,
SiAs

2, ~ii ! neutral Si donor-acceptor pairs,~SiGa-SiAs)
0, and

~iii ! Si atoms in a complex containing another point defect,
~Si-X!. The concentration of such~Si-X! complexes is inher-
ently difficult to determine from LVM data.8 The identity of
this point defect also remains unclear, although some argu-
ments point to its being a Ga vacancy3–5 or an As vacancy.9

Positron annihilation spectroscopy can be used to study
point defects in semiconductors, and in particular, vacancies.
Positrons trapped at vacancy defects are experimentally ob-
served as an increase in the positron lifetime and a narrowing
of the momentum distribution of the annihilating electron-
positron pairs.10 In addition to vacancies, positron measure-
ments are sensitive to ion-type acceptors, since positrons are
localized at the Rydberg state around the negative ions at
low temperatures.11

In this work, we use positron-annihilation measurements
to study the compensating defects in highly Si-doped GaAs.
Our data reveal vacancy-type acceptors, which we identify as
Ga vacancy complexes, and ion-type acceptors, which we
attribute to SiAs

2. The strong electrical deactivation ob-
served in this system is shown to be largely explained by
these two types of defects.

Highly Si-doped GaAs samples were grown by
molecular-beam epitaxy~MBE! on ~100!-oriented GaAs sub-
strates at 900 K. The thickness of the Si-doped overlayer was
2 mm. The Si-doping concentration in the four samples stud-

ied, determined7 by combining Hall measurements with
x-ray-absorption, are~in units of 1018 cm23) approximately
2, 3, 9, and 50. Following Ref. 7, the samples are referred to
here as ‘‘low’’ (L), ‘‘medium’’ (M ), ‘‘high’’ ( H), and
‘‘very high’’ ( VH), respectively. The strong electrical deac-
tivation was seen only in theH andVH samples. SiK near-
edge x-ray-absorption fine-structure ~NEXAFS!
measurements7 were used to determine upper limits for the
SiAs concentrations of about 131018 cm23 for theH sample
and 231019 cm23 for theVH sample. These concentrations,
corresponding to only 12% and 38% of the total Si, respec-
tively, provide direct evidence that autocompensation cannot
fully explain the observed electrical inactivity.

The epitaxially grown Si-doped GaAs layers of Si were
measured using the low-energy positron beam technique.12

For reference, a p-type Be-doped (431016

cm23) GaAs layer grown by MBE was also studied. The
511-keV annihilation line was measured at 20-keV incident
positron energy, which corresponds to a mean positron stop-
ping depth in GaAs of 0.9mm. At this energy, the contribu-
tions of annihilation events at the surface and in the substrate
are negligible. Doppler broadening of the 511-keV radiation
gives information about the momentum distribution of anni-
hilating electrons. The momentum distribution is usually de-
scribed in terms of the valence and core annihilation param-
etersS and W. The S parameter, defined as the relative
amount of annihilation events over the energy range
51160.95 keV around the peak centroid, represents the
electron-positron pairs with longitudinal momentum compo-
nent pL /m0c<3.731023 that arise mainly from annihila-
tions with valence electrons (m0 is the electron mass andc is
the speed of light!. TheW parameter, defined as the relative
number of events in the momentum range
pL /m0c5(15–20!31023, represents annihilations involving
core electrons of atoms surrounding a vacancy. The core
electron momentum distribution at a broaderpL range of
~10–40!31023 can be studied in detail with coincidence
measurements of the two 511-keV photons.13 This technique
is applied here to identify the sublattice of the vacancy de-
fects.
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The valence annihilation parameterS for the Be-doped
GaAs layer and the four Si-doped GaAs layers is plotted
against temperature in Fig. 1. In Be-doped GaAs it is seen to
be nearly temperature independent, which is typical for free
positron annihilation in the bulk. In all of the Si-doped
samples, theS parameter is clearly larger and it is tempera-
ture dependent. Focusing on the magnitude ofS, we see that
the increase of positron trapping at vacancies with Si con-
centration is particularly strong when it exceeds 531018

cm23, behavior paralleling that of the observed7 electrical
deactivation. To see if there are any illumination effects on
these vacancy defects, which would indicate metastability
related toDX centers,14 the samples were illuminated for
several hours at 20 K with 1.32-eV photons. TheSparameter
remained unchanged during and after the illuminations.

Coincidence measurements of core electron momentum
distributions were obtained from the Be-doped andVH Si-
doped GaAs samples at room temperature. The high-
momentum parts of the Doppler curves, area normalized, are
plotted as filled diamonds and circles in Fig. 2. The momen-
tum distributionr(p) of Be-doped GaAs is characteristic of
free positrons in a GaAs lattice and has a noticeably higher
intensity than that in theVH sample. This result clearly
shows the effect of positrons trapped at vacancies in the
VH sample: at such defects containing more open volume,
the overlap between positrons and core electrons of the sur-
rounding atoms is reduced.

The shape of the distribution in theVH sample is also
different from that in the GaAs lattice. Although the differ-
ences are small, the momentum distributionr(p) in the
VH sample is clearly broader than in the Be-doped reference
sample. An exponential fitr(p)}e2lp in the momentum
range p5(15–35!31023m0c yields a coefficient
l50.257(2)3103/m0c in the Be-doped GaAs, whereas a

clearly smaller coefficient ofl50.246(2)3103/m0c is ob-
tained in theVH sample.

The differences in the shapes of the momentum distribu-
tions are interpreted in the following way. For free positrons
in GaAs, the dominant contribution to the measured core
electron momentum distribution comes from the 3d elec-
trons of Ga atoms (Z531). The 3d electrons of As atoms
~Z533! are more tightly bound, leading to a broader momen-
tum distribution and a reduced overlap with the positrons.13

The broader distribution in theVH sample therefore indi-
cates that the relative amount of positron annihilation with
the As core electrons is larger at the vacancy than in the
GaAs lattice. This implies that the vacancy in theVH sample
is surrounded by As atoms and is thus associated with the Ga
sublattice.

There is firmer evidence for this assignment. Positron
trapping at Ga vacancies has been previously observed in
electron-irradiated GaAs.15 The core electron momentum
distribution associated with irradiation-inducedVGa has been
plotted with open circles in Fig. 2. Its shape is essentially
identical to that measured in theVH sample. It further yields
the same coefficientl50.248(2)3103/m0c in an exponen-
tial fit of r(p)}e2lp at p5(15–35!31023m0c. Denoting
the core annihilation parameter in the bulk lattice byWB , the
relative parameterW/WB is 0.71~1! for theVH sample and
0.73~1! for the irradiation-induced sample. The striking simi-
larity in both intensity and shape leads us to conclude that
the vacancy observed in theVH sample is a Ga vacancy. The
present data alone do not, however, tell us whether the Ga
vacancy is isolated,VGa

32 or associated with a Si donor,
~SiGa-VGa)

22, because the Si atom on a second-neighbor site
does not contribute much to the core annihilations.

Chadi has recently calculated that, under equilibrium con-
ditions, a relaxedVAs-SiGa pair is an abundant acceptor in

FIG. 1. The valence annihilation parameter S was measured in
Be-doped GaAs(h), and in Si-doped GaAs samples with@Si#
'131018 cm23 (l), 331018 cm23 (L), 931018 cm23 (d),
and 531019 cm23 (s), all as a function of temperature between 20
and 300 K.

FIG. 2. The core electron momentum distribution in Be-doped
GaAs (l), in electron-irradiated semi-insulating GaAs (s) ~from
Ref. 15!, and in GaAs~@Si#5531019 cm23) (d).
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Si-doped GaAs and is thus a potential compensating center.9

Our results indicate that~nonequilibrium! MBE growth of
Si-doped GaAs generates vacancies in the Ga sublattice
rather than the As sublattice. Earlier, we have identified As
vacancies in liquid-encapsulated Czochralski grown
n-doped GaAs crystals.16 The core momentum distribution
for the As vacancy is more narrow at~20–40!31023m0c
than that obtained for the Ga vacancy in theVH or electron
irradiated samples.17

The temperature dependence of theS parameter in Fig. 1
is similar in all four Si-doped samples. TheS parameter is
first constant at 10–100 K, then increases from 100 to 200 K,
and finally reaches a plateau around 300 K. The plateau lev-
els were confirmed by experiments between 300–600 K~not
shown!. TheS parameter decreases in all layers whenT is
lowered to 20 K, a trend opposite to that observed15 for
positron trapping at negative Ga vacancies at lowT. This
indicates that another defect must be competing with the Ga
vacancy for trapping positrons in Si-doped GaAs at 20 K.

We attribute these competing defects to negative ions,
which have no open volume associated with them.11,15 The
negative ions bind positrons to shallow (,0.1 eV! Rydberg
states,18 whose annihilation characteristics are similar to
those in the lattice due to the weak positron localization.
Below 100 K, all positrons are trapped at either Ga vacancies
or negative ions. The increase in theS parameter above 100
K indicates that positrons are partially detrapped from the
negative ions, and a larger fraction of them annihilates at the
Ga vacancies. When the detrapping is complete above 200
K, only Ga vacancies trap positrons, and theS parameter
reaches a plateau with a magnitude that depends on@VGa#.

To quantify the concentration of vacancies and ions, we
have analyzed the temperature dependence of theS param-
eter using a positron trapping model.15 The positron trapping
rate at the vacancies,kv , is proportional to the vacancy con-
centrationcv by kv5mvcv . The positron trapping coeffi-
cient mv is temperature dependent, and a value of
1.431015 s21 at 300 K is used.15,19–21The positron trapping
rate at the negative ions is similarly modeled by
k ion5m ioncion, where the corresponding trapping
coefficient18 m ion}T

21/2. The positron detrapping rate from
the ions isd}m ion(kT)

3/2exp(2Eb,ion/kT), with Eb, ion being
the positron binding energy at the ion.22 Denoting the va-
lence annihilation parameter in the bulk bySB , we get the
S parameter for the negative ions,Sion5SB , and for the Ga
vacancy we useSv(Ga)51.015SB .

23 The four adjustable pa-
rameter used in fitting the data are thencv, cion , m ion , and
Eb, ion. Details of this type of analysis have been given
elsewhere.15,20

The solid lines in Fig. 1 are the fits to the measuredS
parameters. Initial fits with all adjustable parameters left un-
constrained consistently gave a positron binding energy of
Eb, ion540610 meV. Subsequent refinements withEb, ion

fixed at 40 meV lead to a positron trapping coefficient of
m ion5(4.561.0)31016T21/2 s21 ~T is in degrees of Kelvin!.
Values of the remaining two parameters, namely, the con-
centration of vacanciescv and negative ionscion are shown
as a function of Si concentration in Fig. 3.24

Two results are immediately apparent. First, in the overall
trend of values forcv andcion there is a marked increase in
both as@Si# increases, particularly going from theL andM
samples to theH andVH samples. Second, the magnitudes
of both cv andcion relative to@Si# in the respective samples
change dramatically: in theL andM samples, the combined
sum of these defect concentrations is,25% of the Si doping
concentration, while in theH andVH samples this fraction is
.50% @Si#.

The effect of these defects becomes apparent when we
plot as a function of@Si# the measured7 electrical activity of
Si, defined as the ratio of free carrier to Si concentrations,
@n#/@Si# ~see Fig. 3!. It is clear that the sharp decrease in
activity correlates strongly with the summed concentrations
of negative ions and vacancies in theH andVH samples.
Both types of defects compensate free carriers, and both
must be important in describing the electrical deactivation in
highly Si-doped GaAs.

To identify the nature of these defects and determine the
possible importance of other defects as well, we must com-
bine the results of the present work with those obtained in
previous studies. Thus, as already stated, our positron data
alone cannot distinguish between the singly negative ion
SiAs

2 and an intrinsic defect like the doubly negative Ga
antisite, GaAs,

2–15 nor can they distinguish between a Ga
vacancy complex, such as~SiGa-VGa)

22 and an isolated Ga
vacancy,VGa

32. However, by combining our knowledge of~a!
the existence of SiAs

2 monomers, ~SiGa-SiAs)
0 dimers,

Sin clusters, and~SiGa-X! complexes from LVM~Ref. 5! and
x-ray absorption~NEXAFS! and EXAFS!7 measurements,
~b! the upper limit concentrations of@SiAs

2# determined in
Ref. 7, and~c! the distributions~albeit under equilibrium
conditions! of defect species calculated in Ref. 6, with~d! the
constraints imposed by charge and mass conservation, and
~e! our present findings, we arrive at the following conclu-
sions. In MBE-grown highly Si-doped GaAs~i.e.,

FIG. 3. The dopant activation, expressed as the ratio of free
carrier and Si concentrations (.), the concentration of negative
ions (m), and the concentration of Ga vacancies (d) all as a func-
tion of Si concentration in four Si-doped GaAs samples.

R11 052 54T. LAINE et al.



@Si#.531018 cm23), the most likely assignment of the
negative ion species is SiAs

2, and of the Ga vacancy is
~SiGa-VGa)

22. These two defects are dominant for their ge-
neric type. Together, they account for a large part of the
observed compensation of heavily Si-doped GaAs. The con-

centrations of other electrically inactive defects, e.g.,
@SiGa-SiAs# dimers and@Sin# clusters, or of more strongly
compensating defects, e.g.,@GaAs

22# antisites and isolated
Ga vacancies@VGa

32#, are much less important in these
samples.
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