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Microscopic structure of the DX center in Si-doped Al„Gat „As: Observation of a vacancy
by positron-annihilation spectroscopy
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Experimental results on the microscopic structure of the DX center in Si-doped Al„Ga& „As are
presented. Positron-annihilation spectroscopy indicates the vacancylike structure of the Si-DX center.
The vacancy signal disappears persistently by illumination with infrared light. The optical cross section
for this process is equal to the photoionization cross section for the Si-DX center. The critical tempera-
ture below which illumination makes the vacancy signal disappear is correlated to the persistent photo-
conductivity effect. We estimate the thermal ionization energy of the Si-DX center from positron experi-
ments and demonstrate that thermal ionization of the DX center accounts for the disappearance of the
vacancy at high temperatures. Temperature dependence of the positron trapping rate is typical of a neg-
atively charged vacancy. The structural data from positron-annihilation spectroscopy are consistent
with the vacancy-interstitial model that explains the metastability of the DX center in terms of two
different lattice sites of the donor impurity.

I. INTRODUCTION

In GaAs and related compounds, substitutional
group-IV impurities (Si,Ge,Sn) at the Ga site and group-
VI impurities (S,Se,Te) at the As site form shallow donor
states. However, irrespective of the nature of the donor
species, they also give rise to deep electron levels known
as DX.' In GaAs the DX level is a resonant state in the
conduction band, but in Al„Ga& „As it becomes the
lowest-energy state of the donor when the AlAs mole
fraction is x )0.22. In this range of the alloy composi-
tion the capture of electrons into the deep level reduces
the number of electrons in the conduction band, and con-
trols the conductivity of n-type material. At low temper-
atures optical ionization of the DX center leads to per-
sistent photoconductivity, with electrons remaining in
the conduction band. Because of these two cir-
cumstances, defect metastability associated with an iso-
lated substitutional impurity atom and the deleterious
consequences for semiconductor devices, a considerable
amount of effort has been directed at understanding the
fundamental properties of donors in III-V semiconductor
alloys. '

The picture of electron capture at the DX level was
developed by Lang and co-workers. ' They found that
electron capture at the DX level is thermally activated,
and that the capture cross section is exceedingly small
((10 cm ) below 70 K. Electron capture was ex-

plained in terms of multiphonon emission. They also
found that the energy for optical ionization of the DX
level (optical depth —1.0 eV) is much larger than its
thermal ionization energy (thermal depth -0.1 eV). This
large Stokes shift cannot be reconciled with the effective-
mass theory for impurities in semiconductors. These
findings, supported and refined by later experiments, were
advanced as an indication of two different structural
configurations of the donor. '

A strong boost to understanding the metastability of
the DX center comes from theoretical studies. ' They
have given an indication that an isolated donor impurity
may undergo a shallow-to-deep transition. From total-
energy calculations, a metastable state is found for the
negatively charged donor. The calculated atomic struc-
ture is characterized by a large () 1 A) displacement of
the column-IV donor atom in the (111)direction into a
threefold-coordinated position. In the case of Si, the
geometry can be viewed as a pair of a Ga vacancy and a
Si interstitial. In the distorted configuration the bonding
is large sp -like. Theoretical studies therefore suggest
that different forms of sp hybridization in covalent crys-
tals are responsible for the metastability of the donor im-
purities. This explanation implies that this type of defect
metastability in semiconductors may be more common
than expected so far. The same basic mechanism has
been used to explain the metastability of the EL2 center
in GaAs. ' Recently the DX-like center was also predict-
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ed in some II-VI compounds. " It has become increasing-
ly evident that the vacancy-inertial model is consistent
with the electrical and optical properties of the DX
center. Nevertheless, there is very little direct structural
data about the DX center.

We address the microscopic structure of the DX center
in Al„Ga, „As using positron-annihilation spectroscopy.
The discovery that a positron can become localized at va-
cancies has led to a highly versatile method for the study
of atomic-scale defects in solids. ' ' The potential benefit
of this technique is that vacancies can be unambiguously
distinguished from other types of defects. The annihila-
tion rate of a positron quantifies directly the electron den-
sity. The Doppler broadening of the annihilation radia-
tion gives information about the momentum distribution
of annihilating electrons. Both techniques can be used to
detect vacancies in semiconductors if the vacancy con-
centration is larger than 10' cm

Positron-annihilation measurements have indicated the
vacancylike structure of the DX center in Al Ga& As. '

It has provided a direct indication of the change in the
structural configuration of the donor associated with
electron transfer from the shallow donor state to the deep
DX state. Positron-annihilation experiments have also
pointed out the close similarity between the DX center
and the metastable state of the EL2 center in GaAs. ' '

This work completes preliminary results published ear-
lier. '" Here we discuss thoroughly the results of
positron-annihilation experiments and their interpreta-
tion. Experimental results are presented in Sec. III. The
properties of the vacancy in Si-doped Al Ga& As are
compared in detail with some of the well-established
properties of the Si DX center (Sec.-V). That comprises
the optical and thermal ionization of the DX center, and
the inhuence of the alloy composition on the thermal ac-
tivation energy for electron capture at the DX center. Ad-
ditional results on the temperature dependence of the
positron trapping rate indicating the negative-charge
state of the vacancy are presented. Information about
the local structure and the charge state of the Si-DX

center is discussed in Sec. VI. The structural data from
positron-annihilation spectroscopy is consistent with the
vacancy-interstitial model which explains the metastabili-
ty of the DX center in terms of two different lattice sites
of the donor impurity.

II. EXPERIMENTAL DKTAII, S

Positron annihilation was studied in undoped and n-

type Al„Ga, As layers. The n-types layers were doped
with Si, which is a column-IV donor at the Ga site. In
addition, Si-doped n-type and Be-doped p-type GaAs lay-
ers were measured as references. All layers were grown
using a conventional molecular-beam-epitaxy (MBE) sys-

tem.
In the Si-doped Al Ga& As layers the A1As mole

fraction varies from x =0.18 to 0.61 (Table I). The sub-
strate was n type (x =0. 18 and 0.33) or undoped semi-
insulating (x =0.23, 0.29, and 0.61) GaAs(100). The
buffer layer was either n-type GaAs (x =0.18 and 0.33),
undoped GaAs followed by Al„Ga, „As (x =0.23 and
0.61), or GaAs followed by a GaAs/A1As superlattice
(x =0.29). The thickness of the n-type Al Ga& As lay-
ers is 2 pm (x =0.18—0.33) or approximately 1 pm
(x =0.61), and all structures are covered by a 50—100-
A-thick n-type GaAs cap layer. For the layers x =0.23,
0.29, and 0.61, the Al fraction was determined by double
x-ray diffraction. The Si concentration is XD =2.5 X 1018

cm in the layers x =0.18—0.33. In the layer x =0.61
the Si concentration is approximately 10' cm

In the undoped Al Ga& As layers the A1As mole
fractions are x =0.11,0.25, and 0.32, and the layer thick-
ness varies from 1.5 to 2.7 pm. Unintentional doping
makes the layers weakly p-type. In the GaAs layers the
Si and Be concentrations are [Si]=4X 10' cm and
[Be]=4X10' cm

Positron annihilation in the epitaxial layers was inves-

tigated using the low-energy positron beam technique. '

The 511-keV annihilation line was measured at an in-

cident positron energy which was chosen between 15 and

TABLE I. The A1As mole fractions x, Si concentrations (Si), the Hall carrier concentrations n& at
300 K, and the layer thicknesses in the GaAs and Al Ga& As samples. All layers were grown by con-
ventional molecular-beam epitaxy on GaAs(100) substrates. The A1As fraction in the layers x =0.23,
0.29, and 0.61 was determined by x-ray difFraction. The layers were grown either in (a) Helsinki Uni-

versity of Technology, (b) Thomson-CSF, (c) Universite des Sciences et Techniques de Lille, or (d) Tam-

pere University of Technology.

n-GaAs
p-CyaAs
0.11
0.25
0.32
0.18
0.23
0.29
0.33
0.61

Dopant

Si
Be

undoped
undoped
Undo ped

Si
Si
Si
Si
Si

cm

4x 10'

2.5x 10"
2.5x10'
2.5x10"
2.5x10"
-1x10"

nH

cm

4x 10'

2.3x10"
6. 1X10"

3 x10"
2x10"

Layer thickness
pm

2
2
1.6
2.7
2
2
2
2
2
1

Place of growth

C

d
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23 keV. These energies correspond to the mean positron
stopping depths of 0.5 and 1.0 pm in GaAs. In each case
it was verified that contributions from the annihilation
events at the surface and in the substrate were negligible.
Typically 5 X 10 counts were collected to the annihila-
tion peak. The sample temperature was controlled be-
tween 20 and 300 K with a closed-cycle He cryocooler
and a resistive heater, and measured with a silicon diode
temperature sensor. Above room temperature the sample
was heated with an electron-beam heater, and tempera-
ture was measured with a type-K thermocouple mounted
to the sample surface. A GaAs infrared (IR) light-
emitting diode was used for illumination (photon energy—1.3 eV). The light intensity measured with a Ge photo-
detector was typically 0.1 m%'/cm .

Observation of positron trapping at vacancy defects is
based on the Doppler broadening of the annihilation radi-
ation. ' Momentum of the annihilating electron causes a
shift in the energy of the photon, hE =

—,'cpI, where pL is
the momentum component of the electron-positron pair
parallel to the direction of photon emission, and c is the
speed of light. The shape of the 511-keV annihilation
line, convoluted with the resolution of the Ge detector,
can be described in terms of valence and core electron an-
nihilation. One can distinguish between the low-
momentum part of the spectrum, which arises mainly
from the valence electron annihilation, and the high-
momentum part arising from the core electrons. The
low-momentum part is characterized by the valence-
annihilation parameter S, which is defined as the number
of annihilation events over the energy range 511 keV
+DE(bE =0.95 keV) around the centroid of the peak. It
represents the fraction of electron-positron pairs with a
longitudinal momentum component pL 0.5 a.u.
(pI /moc ~3.7X10, where mo is the electron mass).
The core-annihilation parameter 8'is calculated from the
tail of the peak, 2.9 keV ~ ~AE~ ~7.3 keV. As defined
here, it corresponds to annihilations with a large momen-
tum component pL between 1.6 and 3.9 a.u. (or
1.1X10 ~pI /mo; c ~2.8X10 ) which are entirely
due to the core electrons. It appeared that in case of the
vacancy defects in n-type Al„Ga& As the change in
valence electron annihilation is rather small. Therefore
the core-annihilation parameter 8' will be used in the
most part of this work.

III, VACANCIES IN Al Ga i As;
KXPKRIMKNTAL RESULTS

A. observation of vacancies in Si-doped Al„Ga& As

cancies are not seen by positron spectroscopy in as-grown
p-type GaAs. ""

In Al Ga& As the core-annihilation parameter varies
with the alloy composition (Fig. 1). It can be traced back
to a smaller number of positrons annihilating with the
core electrons when Ga, the 3d core shell of which makes
a major contribution to the core annihilation, is replaced
by Al. This can be demonstrated by comparing the
theoretical annihilation rates in GaAs and A1As. The
total annihilation rates k, =4.44 ns ' in GaAs and 4.29
ns in A1As are nearly identical. However, the annihila-
tion rate with the core electrons in GaAs, 1,, =0.12K„ is
larger by a factor of 2 than in AIAs (A,, =0.06K,, ). In
these annihilation rates the core contribution includes the
As and Ga 3d electrons and all the inner electron shells.

The increase of temperature from 20 K to room tem-
perature causes a small and nearly linear decrease of the
core annihilation parameter in p-type GaAs and in un-
doped Al„Ga& A.s. ' This is typical of free positron an-
nihilation, and can be related to thermal lattice expan-
sion.

In the n-type layers the concentration of Si atoms is
XD =2. 5 X 10' cm, apart from the layer with the
highest A1As fraction x =0.61 (Table I). In the Si-doped
layer x =0.29 the Hall carrier concentration at room
temperature nH =6 X 10' cm is clearly lower than in
n-type GaAs:Si (nH =2.4X 10' cm ) grown under simi-
lar conditions. In the Si-doped layer x =0.61 the Hall
carrier concentration at room temperature is
nH =2 X 10' cm, and it decreases by one order of mag-
nitude by 77 K. These properties are indicative of the
electron capture at the DX level, and they are observed
quite generally at the alloy compositions at which the DX
level is the lowest state of the donor impurity.

O.O4O—

0.038—0

z 0.036—

p-type GaAs and undoped Al Ga& As layers are used
as a reference for free positron annihilation. ' In p-type
GaAs, only free positron annihilation is seen from 20 K
to room temperature. It was directly verified by making
comparison with liquid-encapsulated-Czochralski (LEC)-
grown p-type GaAs. The annihilation parameters in the
MBE-grown Be-doped layer are identical with those in
Zn-doped (SX10' cm ) LEC-GaAs, in which the posi-
tron lifetime 231+1 ps is equal to the free positron life-
time in GaAs. ' It is also a general observation that va-

0.034— Si
I I I I I

0. 1 0.2 0.3 0.4 0.5 0.6
AlAs MOLE FRACTION x

FIG. 1. The core-annihilation parameter 8' in undoped and
Si-doped Al„oa, As layers at di6'erent alloy compositions.
The core-annihilation parameters were measured in the dark at
20 K before (4) and after (0 ) illumination with 1.3-eV photons
from a GaAs infrared light-emitting diode.
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The core-annihilation parameters in the Si-doped lay-
ers x =0.18, 0.23, 0.29, and 0.61 measured at 20 K after
cooling the samples in the dark are plotted in Fig. 1.
%'hen compared to undoped Al Ga& As at the same al-
loy composition, the core-annihilation parameters in the
Si-doped layers are systematically smaller. The tempera-
ture dependence of positron annihilation gives a further
indication of the different positro~ states in undoped and
Si-doped Al Ga& „As. In the layer x =0.29 the core-
annihilation parameter was found to be independent of
temperature between 20 and 300 K.'" As in the layer
x =0.29, the core-annihilation parameter is constant
below 300 K in the layer in which the A1As fraction is
x =0.61. The temperature dependence in the layers with
a small A1As fraction (x &0.25) is studied in detail in
Sec. IIIC, and at this point we just note that the core-
annihilation parameter is also lower than in undoped
Al Ga, As in all Si-doped layers at room temperature.
The defect state disappears reversibly at high tempera-
tures. The strong increase of the core-annihilation pa-
rameter in the layer x =0.29 between 350 and 550 K
makes the core-annihilation parameters in Si-doped and
undoped layers identical in the high-temperature limit. '

A similar increase of the core-annihilation parameter is
observed in the Si-doped layer x =0.23 from 300 to 550
K, and will be discussed in more detail in Sec. V C.

The Doppler parameters in Si-doped Al„Ga& „As sig-
nify a positron state which is characterized by reduced
probability of core electron annihilation. It gives an indi-
cation of positron annihilation at vacancy-type defects.
The reduced number of core-electron-annihilation events
is due to a smaller overlap of the positron wave function
with the ion cores when the positron is trapped at a va-
cancy. Positron annihilation therefore demonstrates that
Si-doped Al Ga& As with x ~0. 18 contains vacancies.
The change of the core-annihilation parameter compared
to free positron annihilation at the same alloy composi-
tion is smaller in the layers x =0.18 or 0.23 than at
higher Al concentrations (Fig. 1). However, in all
Al Ga& „As layers the vacancy signal disappears after
exposure to IR light (Sec. III 8), indicating that the same
defect is observed in all Si-doped layers.

In summary, we conclude that Si-doped layers contain
a vacancy defect which cannot be detected in undoped
Al Ga& As. The vacancy signal disappears in thermal
equilibrium above 300 K. These vacancy defects can be
distinguished from vacancies in GaAs (Refs. 18 and 22)

by their properties which appear when the layers are il-

luminated.

B. Removal of the vacancy signal by illumination

Optical ionization of the Si-DX center at low tempera-
tures ( T & 80 K) gives rise to persistent photoconductivi-
ty with electrons remaining in the conduction band or,
when the Al Ga& „As alloy has an indirect band gap, to
capture of electrons at shallow donor states. Illumination
of the Al Ga& As layers with IR light from GaAs
light-emitting diodes at 20 K makes the vacancy signal

disappear. ' A most interesting observation is that this
phenomenon is persistent. The photoeffect lasts at least
several days unless the temperature is increased, and it is
observed in all Si-doped Al„Ga& „As layers (x ~ 0. 18).

The core-annihilation parameter in the Si-doped layer
x =0.29 is plotted as a function of the illumination time
for two different light intensities in Fig. 2 The measure-
ment was done in the dark after each illumination. The
core-annihilation parameter shows a persistent light-
induced increase. After a sufficiently long period of light
exposure, it reaches a well-defined constant value
whereafter further illumination does not inAuence posi-
tron annihilation. The saturation levels, which depend
on the Al concentration of the layer, are indicated in Fig.
1. In all n-type Si-doped layers the core-annihilation pa-
rameter after the light exposure becomes identical with
those measured in undoped Al Ga, As. This leads to a
simple interpretation of the photoeffect. Exposure to IR
light evidently transfers the vacancies into a state in
which they no longer act as a positron trap.

To compare layers with different alloy compositions,
we make use of the ratio W'/W~ which yields the change
in the core-annihilation parameter due to positron trap-
ping. The core-annihilation parameter after illumination
yields directly the value 8'~ for free positron annihilation
in the n-type Al„Ga& „As layers. The core-annihilation
parameter in the Si-doped layers at 20 K are W(20
K) / W~ (20 K) =0.975(3) for x =0. 18, 0.955(3) for
x =0.23, 0.936(3) for x =0.29, and 0.937(3) for x =0.61.
The light-induced change in positron annihilation can be
seen also in the valence-annihilation parameter 5 from
the same series of measurements. The increase of the
valence-annihilation parameter due to positron trapping
is S(20 K)/S~(20 K)=1.0039(5) in the layer x =0.29,
and 1.0041(5) for the higher A1As fraction x =0.61. In

0.040—
Q = 2.2x10' 1/cm s

0.039—

z
C

0.038—

zz
0.037—
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photon energy 1.
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ILLUMINATION TIME (min)

FIG. 2. Plot of the core-annihilation parameter W vs time of
illumination in a Si-doped Al„Cxa& „As layer x =0.29 at two

different light intensities 6X 10' and 2.2X 10' photons/cm s

(photon energy —1.3 eV).
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x = 0.18

0

the layers x =0.29 and 0.61 the ratios 8'/8'~ are identi-
cal, although the core-annihilation parameters vary with
the A1As fraction. At low Al concentrations (x (0.25)
positron trapping at vacancies causes a smaller change in
the core-annihilation parameter W/W~. It will be attri-
buted to a smaller vacancy concentration in the layers
x =0.18 and 0.23.

The light-induced increase of the core-annihilation pa-
rameter in the Si-doped layer x =0.33 at 20 K is small
compared to the layers x =0.29 and 0.61. This is due to
the increase of the core-annihilation parameter in the
dark from 200 to 100 K in this particular sample. It is
typical of negatively charged ions which can support lo-
calized Rydberg states for positrons. ' ' Such defects act
as competitive trapping centers at low temperatures.
When the core-annihilation parameter 8' is taken at 300
K in the layer x =0.33, we find W(300 K)/
8'z =0.935(5) which is the same as in the layers x =0.29
and 0.61.

In the undoped layers the core-annihilation parameters
before and after illumination are identical (Fig. 1). Mea-
surement during light exposure also yields the same
Doppler parameters.

Disappearance of the vacancy signal after illumination,
which was demonstrated at 20 K in Fig. 1, is persistent to
considerably higher temperatures. Figure 3 shows the

light-induced increase of the core annihilation parameter
in the Si-doped layers at 20 K, and its evolution as tem-
perature is subsequently raised. In the layer x =0.29, the
core-annihilation parameter after exposure to IR light is
indicative of free positron annihilation up to 70 K.
Thereafter the vacancy signal recovers, and by 90 K the
core-annihilation parameter returns to the level before il-
lumination. Another observation is that the critical tem-
perature below which the vacancy signal can be per-
sistently removed depends on the alloy composition (Fig.
3). For x =0.18, the vacancy signal after illumination re-
covers between 120 and 140 K, whereas it occurs already
above 50 K for x =0.33. Clearly, at this range of the al-
loy composition, increase of the A1As mole fraction
lowers the critical temperature. At a still higher Al con-
centration corresponding to x =0.61 the critical temper-
ature increases again compared to the x =0.33 layer.
Measurements at the annealing temperature and at
T =20 K yield very similar stages of recovery of the va-
cancy signal.

Positron annihilation was also measured in an n-type
MBE-grown Si-doped ([Si]=4X10' cm ) GaAs layer.
Unlike the p-type MBE-grown layer or Zn-doped LEC-
grown GaAs, the n-type layer contains vacancies which
are detected by positron annihilation. However, contrary
to Si-doped Al Ga, As (x ~0. 18), this vacancy does
not show any photoeffects at 20 K, indicating that it is
different from the defects in the Al Ga& As layers.
Typical values for the core-annihilation parameters at va-
cancies in GaAs (Refs. 15 and 23} and the trapping
coefficient for positron capture at vacancies in semicon-
ductors (1 X 10' s ' at 300 K) yield an estimate of —10'
cm for the vacancy concentration in the Si-doped
CxaAs layer.

e

C4
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x = 0.23

x = 0.29

Q0 O 0

0
x = 0.33

x = 0.61
! I I !

20 40 60 80 100 120 140 160

ANNEAL TEMPERATURE (K)

FIG. 3. Plot of the core-annihilation parameter 8' vs anneal
temperature showing the inhuence of the alloy composition on
the recovery of the vacancy signal in Si-doped Al„oa& As
after illumination at 20 K. The arrows indicate the increase of
the core-annihilation parameter due to illumination.

C. Temperature dependence of the Doppler
line-shape parameters at T & 150 K

The temperature dependence of positron annihilation
was measured in greater detail in the Si-doped
Al Ga, As layers x =0.18, 0.23, and 0.29 below 150 K.
The aim is to find the temperature dependence of the pos-
itron trapping rate at the vacancy to obtain information
about the charge state of the vacancy.

We first consider the temperature range from 20 to 100
K. The temperature dependence of the core-annihilation
parameter in different layers is plotted in Fig. 4. Positron
annihilation was measured at each temperature after
cooling the sample in the dark. The temperature depen-
dence of free positron annihilation 8'z( T) in this temper-
ature range was measured after illuminating the samples
at 20 K. To compare layers with different alloy composi-
tions we make use of the ratios W'( T)/W~ (20 K).

In the layer x =0.29 the core-annihilation parameter is
totally independent of temperature. This is the case also
in the Si-doped layer with a higher A1As fraction
x =0.61 from 20 to 300 K (not shown). In the layers in
which the A1As mole fraction is lower (x (0.25}, the
core-annihilation parameters are clearly temperature
dependent. The decrease of the core-annihilation param-
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where g; is the fraction of positrons annihilating from the
defect state i, the subscript B refers to free positron an-
nihilation, and D to the defect state. Around a vacancy
defect the electron density and particularly the core elec-
tron density is reduced. Thus, inevitably, the core-
annihilation parameter which gives a measure of the core
electron annihilation decreases when there is appreciable
positron trapping in a crystal.

The kinetic trapping model " assumes that initially all
positrons exist in a single delocalized state from which
they either annihilate at the rate A,~ or make a transition
with a time-independent rate ~; to a defect state. The
fraction of positrons annihilating from each state is given
by

0.94— LLL
x = 0.29

60 100 140 180

TEMPERATURE (K)

FIG. 4. Plot of the core-annihilation parameter vs tempera-
ture at T~150 K in Si-doped Al„Ga& „As layers x =0.18,
0.23, and 0.29 measured after cooling the samples in the dark
(4) and after illumination with infrared light at 20 K (O ). The
figure shows the ratios 8'/8'& where 8'~ is the core-
annihilation parameter measured in each layers at 20 K after il-
lumination.

eter from 100 to 20 K indicates that an increasing frac-
tion of positrons annihilates at the vacancies. We will ar-
gue (Sec. VI B) that this is due to the negative charge of
the vacancy.

From 100 to 150 K the core-annihilation parameter de-
creases in the layers x =0.18 and 0.23, and thereafter it
remains almost constant up to room temperature. Such
temperature dependence suggests that in addition to the
vacancy defects there are some other positron traps. The
possible origin of the temperature dependence and its
inhuence on the interpretation of the experimental results
at T ( 100 K is discussed in Sec. VI B.

IV. KINETIC POSITRON TRAPPING MODEL

Positrons entering a solid are reduced to thermal ener-
gies in a time which is much shorter than the lifetime
against annihilation. Following thermalization, positrons
in a defect-free crystal are delocalized and annihilate at a
rate A,~ =~&, where ~~ is the free positron lifetime. In a
defected crystal localized states may form as a result of
positron trapping at vacancy defects. The positron popu-
lation is then distributed between various states. The ex-
perimental core-annihilation parameter is

A~+ ga,
J

In a more general model, it is also possible to include
thermal detrapping from states in which the positron
binding energy is small. The positron trapping rate from
the free positron state to a defect state is proportional to
the concentration of defects,

K=JMCD (3)

Equation (3) defines the positron trapping coefficient p
(trapping rate per unit atomic concentration of defect, .).

Positron trapping becomes observable whenever the
trapping rate is comparable to the free positron-
annihilation rate, and 8'D is sufFiciently different from
8'z. In semiconductors the positron trapping coefFicient
at neutral and negatively charged vacancies varies typi-
cally from 10' to 5X10' s ', ' depending on the
charge of the vacancy and temperature. This means that
vacancies can be detected when their concentration is
higher than 10' cm

V. CORRELATION OF THE VACANCY
WITH THE DX CENTER

%'e are now in a position to correlate the properties of
the vacancy with the DX center. It is the persistent pho-
toinduced removal of the vacancy signal that suggests
positron trapping at the DX center. ' In this section we
will present a detailed analysis of the experimental re-
sults, and compare the properties of the vacancy with
some of the well-established electrical and optical proper-
ties of the Si-DX center. For that purpose we will exam-
ine the optical ionization process, and consider the effect
of the alloy composition on the activation energy for elec-
tron capture at the DX level. At high temperatures the
disappearance of the vacancy will be shown to coincide
with the thermal ionization of the DX center.
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A. Removal of the vacancy and optical
ionization of the DX center

In this section we compare the disappearance of the va-
cancy signal due to illumination, and the optical ioniza-
tion of the DX center. The optical cross section for the
removal of the vacancy signal is estimated from the posi-
tron trapping rate ~. As long as the trapping coefficient p
is constant, ~ directly yields the time variation of the
number of defects CD. The fact that after illumination
only free positron annihilation is seen in the Si-doped lay-
ers implies that there are no other vacancy. defects to trap
positrons. Therefore we consider only these two states,
and calculate the trapping rate at the vacancy from the
trapping model as

For Si-doped Al Ga& As with x =0.29 the core-
annihilation parameters as a function of the illumination
time were given in Fig. 2. Figure 5 shows the trapping
rate calculated from that data. We assume that the core-
annihilation parameter before illumination is equal to
O'D, i.e., that all positrons annihilate at the vacancy de-
fects (see Sec. VI A).

The decay of the trapping rate and therefore also the
vacancy concentration can be fit by a single exponential
function

CD =exp( oPt)—
vo CDO

as K decreases from approximately 10K,~ to 0. 1A,~. Here

P is the light intensity in photons/cm s. The cross sec-
tion, which is obtained from the time constants (erg)

' of
the transients when P is known, is o =(0.9+0.2) X 10
cm at 20 K. The two light intensities yield identical
values for the cross section.

The optical ionization cross section for the DX center
in Si-doped Al Ga& As has been measured at different
photon energies using photocapacitance techniques.
From that data the optical ionization cross section
o.o=1X10 ' cm at the photon energy 1.3 eV at 80 K
for the DX center in Si-doped Al Ga& As with x =Q. 3G

can be estimated. The variation of the optical ionization
cross section with temperature is weak at low tempera-
tures, ' justifying a direct comparison with the positron
experiments at 20 K. Within the experimental error, the
cross section estimated from the positron trapping rate is
equal to the optical ionization cross section of the Si-DX
center. It shows that when the DX centers are ionized,
the same proportion of vacancies disappears. We also
note that the cross sections are both much smaller than
what is typically found for deep levels in semiconduc-
tors.

Optical ionization of the vacancy, if it makes the va-
cancy positively charged or changes the ionic structure of
the center, would explain the disappearance of the vacan-
cy signal after light exposure. Since it is the only known
defect in Al„Ga& As which is persistently ionized by il-
lumination, the defect state was associated with positron
annihilation at the DX center. ' The detailed comparison
of the optical ionization cross sections strongly supports
this identification. It is also consistent with the charge
state of the DX center. ' One or two electrons occupy
the DX level in the ground state, and it is either neutral
or negatively charged. In either case the charge of the
DX center makes it a potential trapping center.

B. Recovery of the vacancy signal
and persistent photoconductivity

Alo.290ao.71~

0.1—
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ILLUMINATION TIME (min)

FIG. S. The positron trapping rate x in units of the free
positron-annihilation rate A,z as a function of illumination time
in the Si-doped Al Cia& „As layer x =0.29 at two dift'erent
light intensities 6.5X10' and 2.2X10' photons/cm s. The
solid lines indicate the exponential decay of the trapping rate
with the time constant (oP) ' = 1.5 X 10 and 5.6 X 10 s.

The critical temperature below which the persistent
photoconductivity in n-type Al Ga, As is observed
varies significantly with the donor species and the alloy
composition. ' The reappearance of the vacancy after
photoexcitation occurs at the same temperature as the
decay of the persistent photoconductivity. ' The correla-
tion between the vacancy and the DX center is even more
detailed, as one can see by looking at the effect of the al-
loy composition.

It has been found earlier that the activation energy for
electron capture at the DX level varies significantly with
the A1As mole fraction. In Si-doped A1„Ga& As a dis-
tribution of DX levels has been resolved. In Fig. 6
we show the average capture barrier measured in
modulation-doped field-efFect transistors and diodes using
deep-level transient spectroscopy (DLTS) by Mooney,
Caswell, and Wright. The average barrier for electron
capture has a minimum value of 0.21 eV at x=0.35
which is near the crossover from direct to indirect band
gap. At lower Al concentrations the barrier increases
steeply, and it is approximately 0.4 eV at x =0.27. For
larger A1As mole fractions x )0.35, the capture barrier
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FIG. 6. Plot showing the inhuence of alloy composition on
the anneal temperature at which the vacancy signal first appears
after photoquenching at 20 K. The temperatures were estimat-
ed from the core-annihilation parameter vs anneal temperature
plots shown in Fig. 3. The activation energies for electron cap-
ture at the Si-DX center are from Ref. 33.

increases again.
Here we find a systematic decrease of the temperature

at which the vacancy signal appears when the A1As frac-
tion increases from x =0.18 to x =0.33. Figure 6 shows
the temperature for the onset of the recovery of the va-
cancy signal after exposure to IR light at 20 K estimated
from the experimental data in Fig. 3. The inAuence of
the carrier concentration on the electron-capture rate is
unimportant as the Si concentrations in the layers are
very similar. For x =0.23 the vacancy signal can be first
seen at T = 100 K, whereas for x =0.33, which is close to
the Al concentration yielding the minimum for the cap-
ture barrier, the recovery starts already at T=50 K.
This is consistent with the variation of the electron-
capture barrier with the alloy composition. For x =0.61
the recovery starts at T=80 K. This also corresponds
very well to the increase of the electron-capture barrier
when the A1As fraction is x )0.35. Evidently, electron
capture at the Si-DX center ' can be used to explain the
temperature at which the vacancy signal appears in
different Al Ga, „As layers.

C. Positron trapping at vacancies and thermal
ionization of the DX center

In the previous sections, the persistent disappearance
of the vacancy signal was related to optical ionization of
the DX center. Below we will demonstrate that the
thermal ionization of the DX center can explain the tern-
perature dependence of the core-annihilation parameter
at T &300K.

We first consider the Si-doped layer with x =0.29.
The Hall carrier concentration n~=6X10' cm at
room temperature is much smaller than the concentra-
tion of donor atoms, [Si]=2. 5 X 10' cm . Most of the
DX centers are therefore occupied by electrons at 300 K.

In positron experiments the vacancy signal disappears be-
tween 300 and 600 K. This is the same temperature
range at which the DX centers are ionized by thermal
emission of electrons from the deep donor level. '

To make this argument more quantitative, we calculate
the core-annihilation parameter assuming that the DX
center acts as a positron trap when the deep level is occu-
pied, and compare it with the experiment. The occupa-
tion of the DX level is derived from the two-level model
which was applied by Theis, Mooney, and Parker in ex-
plaining their Hall data in Si-doped Al„Cxa, „As. Below
we brieAy outline the calculation in case of two-electron
occupation of the DX level.

We consider a donor atom which gives rise to a shal-
low hydrogenic level and a deep level. If the total num-
ber of donor atoms is XD, the concentrations of ionized
shallow donors (nd+ ) and the donors with electrons at the
deep level (nz& ) are given by

1+exp[(Eh E~ ) /k—T]+exp[2(ED~ EF ) /k—T ]

(6a)

XD exp [2(ED~ EF ) /k T]—
1+exp[(E& Ez ) /k —T) +exp[2(ED~ Ez ) /k—T]

(6b)

The energy for the transfer of an electron from the DX
level to the edge of the conduction band may be written
in terms of the ionization enthalpy and entropy, which
also includes the electronic degeneracy factor, as
EDx=H~X —TSDx. The occupation of the shallow and
deep donor levels, which determine the number of free
carriers n =nd —n~z —Xz, is given by the condition
that they are in equilibrium with the states of the conduc-
tion band (X& denotes the acceptor concentration).

To obtain the number of free carriers, the electron dis-
tribution was integrated numerically, and the occupation
of the indirect valleys of the conduction band was includ-
ed. The band structure, which is based on the available
experimental data and interpolation between the values
determined for GaAs and A1As, was adopted from Ref.
38, where it is discussed in detail. We should note that
the band-structure parameters for the higher-lying
conduction-band valleys, the occupation of which be-
comes important in this temperature range, are some-
what uncertain. However, the purpose is to show that
the disappearance of the vacancy signal is consistent with
the ionization of the Si-DX center rather than to deter-
mine the thermal ionization energies.

The core-annihilation parameter is calculated from
Eqs. (1)—(3), in which the concentration of positron traps
CD is now given by the occupation of the Dx level (n~~).
The temperature dependence of the free-positron-
annihilation parameter 8'& was included. The core-
annihilation parameter 8'D for the defect state is in-

dependent of temperature. In the analysis the ionization
enthalpy HD& and the entropy SD&, which are assumed to
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be independent of temperature, and the positron trapping
coefficient p were considered as adjustable parameters.
For the shallow level the enthalpy and entropy values
Hz =9 meV and SI, = —0.06 meV/K from far-infrared
absorption and Hall data for Al„Ga& „As with a very
similar alloy composition were used. The acceptor con-
centration was taken as Nz =0.

Figure 7 shows the core-annihilation parameters from
300 to 600 K in the Si-doped layer x =0.29. The solid
line indicates the core-annihilation parameter calculated
assuming that the DX level occupies two electrons. The
core-annihilation parameter was fina11y calculated by
fixing the ionization enthalpy to HD&=70 meV. It is
based on Hall experiments below 300 K which yield the
value 73 meV for the Si-DX center at the same alloy com-
position. The values obtained for the entropy and the
trapping coefficient are SDz =0. 14 meV/K and
p=2X 10' s '. The calculated electron concentration
n (300 K)=5 X 10' cm is in good agreement with the
experimental Hall carrier concentration 6. 1 X 10' cm

This analysis of the annihilation parameters provides a
useful insight into the identification of the vacancy de-
fect. The ionization energies and the positron trapping
coefficients are very consistent with other experiments.
To obtain a satisfactory fit to the data with ionization
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enthalpies taken from Hall experiments requires rather
large and positive entropy values. As the entropy also in-
cludes the electronic degeneracy factor which makes a
negative contribution to SD&, it would indicate a large vi-
brational entropy term in the thermal activation energy.
The Hall measurements below 300 K also yield a large
positive entropy term 0.06 me V/K. The trapping
coefficient 2X 1015 s-l is in perfect agreement with the
typical values found earlier for positron capture at vacan-
cies iri semiconductors.

The same analysis was carried out assuming that only
one electron is captured at the deep electron level. If the
ionization enthalpy is fixed to HD&=105 meV, such a
model yields Snx=0. 16 meV/K and @=1 X10' s

Analysis of the Hall data gives HD&=109 meV, and
SDX=0. 14 meV/K. Agreement with the experimental
data is as good as for the model which assumes a two-
electron occupation of the DX level in Fig. 7. Therefore,
independent of the charge state of the DX center, the
disappearance of the vacancy signal is consistent with the
Hall experiments, and in both cases the trapping
coefficients are consistent with the values in the litera-
ture.

A similar analysis was done for the Si-doped layer with
a lower A1As fraction x =0.23 (Fig. 7). Here the same
defect parameter WD/8'~ as in the layer x =0.29 was
assumed. The solid line in Fig. 7 corresponds to thermal
ionization enthalpy HD&=20 meV, entropy SDX=0.08
meV/K, and the trapping coefficient @=1.8X10' s
The DX center was assumed to bind two electrons, but
the two models (one- and two-electron occupation of the
DX level) yield equally good agreement with the experi-
ment. The thermal ionization energy is clearly smaller
than in the layer x =0.29. The entropy term is positive
and rather large, and the thermal ionization energy
would indicate that the DX level is very close to the I
edge of the conduction band at 300 K. This is consistent
with the change of the DX center from a resonant level in
the conduction band to a localized level in the band gap
at the alloy composition x =0.22.

In conclusion, we find that the thermal ionization of
the Si-DX center explains the vanishing of the vacancy
signal at T )300 K. The thermal ionization energies es-
timated from the positron experiments are consistent
with earlier Hall experiments below 300 K.

B. The DX center in Al„Ga& „As with x (0.25

0.037—
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FIG. 7. The core-annihilation parameter 8' vs temperature
at 300—600 K in the Si-doped Al Ga& As layers (a) x =0.29
and (b) x =0.23. The solid lines are calculated assuming that
the donor impurity gives rise to a hydrogenic level and a deep
level, and that positrons are trapped at the DX center when the
deep electron level is occupied. In the calculation two electron
occupation of the DX center was assumed. The thermal binding
energies and the positron rapping rates are given in the text.

Positron trapping at vacancies was observed in Si-
doped Al Ga, „As with x =0.18 (Fig. 1).' Persistent
photoquenching of positron trapping is seen below 100
K, leaving no doubt that the vacancy is the same as that
found at the higher Al concentrations. This observation
is related to the high Si concentration. The DX center is
expected to be formed when at high doping concentration
the Fermi level reaches the DX level in the conduction
band. Occupation of this level is seen even in very heavi-
ly doped GaAs. In DLTS experiments thermally ac-
tivated capture is observed, and there is a large persistent
photoconductivity effect characteristic of the DX
center. For x =0.18 this condition is met when the
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concentration is 2 X 10' cm . It appears from the per-
sistent photoconductivity effect that the concentration
of the DX center is approximately 50% of the total donor
concentration at x =0.195, and that persistent photocon-
ductivity is observed even at x =0.15.

The inhuence of the Al concentration on the number of
vacancies can be seen by comparing the Si-doped layers
x =0.18 and 0.23 in which the Si concentrations are
equivalent. At the alloy composition x =0.23, the DX
level is very close to the bottom of the conduction band.
The metastable vacancy is observed, but the core-
annihilation parameter W/W~ is larger than in the layers
x =0.29 or 0.61. As in the layer x =0.18, this indicates
a smaller vacancy concentration. It appears that when
the AlAs fraction is x &0.25, the number of vacancies in
the layers with the same donor concentration is correlat-
ed to the A1 concentration. This can be understood by
the fact that the DX level is pushed closer to and finally
into the conduction band, and thereby the occupation of
this level decreases.

E. Conclusions

We now make a summary of the properties of the va-
cancy in Si-doped Al Gal As as they appear from the
experimental results and the analysis presented above.
The vacancy is connected with n-type doping and Al al-
loying. It cannot be observed in n-type GaAs or undoped
Al Ga& As. The vacancy concentration decreases in
the n-type layers in which the Si concentration is
[Si]=2.5X10' cm when the Al fraction is lowered to
x =0.20. At this range of the alloy composition the DX
level becomes a resonant level. Positron trapping at the
vacancy can be persistently removed by illumination with
IR light. The optical cross section for this process is
equal to the photoionization cross section for the Si-DX
center in Al Ga, „As. The critical temperature below
which the vacancy signal can be persistently removed and
the temperature below which persistent photoconductivi-
ty is observed are identical. The electron-capture barrier
at the DX center can explain the variation of the critical
temperature with donor species (Si,Sn) (Ref. 14) and alloy
composition (0.2~x ~0.6). The disappearance of the
vacancy at high temperatures coincides with the thermal
ionization of the DX center, as indicated by the thermal
ionization energies inferred from the Hall measurements
below room temperature.

The analysis of the experiments gives a convincing in-
dication of a marked correlation between the vacancy
and the DX center. Positron trapping at the DX center
provides a consistent way to explain aIl the experimental
results. As indicated above, it is compatible also with the
charge states of the DX center.

VI. MICROSCOPIC STRUCTURE
OF THE Si-DX CENTER

In this section we will examine the microscopic struc-
ture of the Si-DX center, discuss the temperature depen-
dence of positron trapping which indicates the negative

charge of the vacancy, and finally compare the structural
data with the vacancy-interstitial model.

A. Structure

For the Si-DX center, we take the valence- and core-
annihilation parameters SD and WD of the defect. state as
the values measured at 20 K in the layers x =0.29 and
0.61. In assigning the above values to positron annihila-
tion at the DX center we assume that the positron trap-
ping is saturated. In the Si-doped layer x =0.29 the con-
centration of the DX centers is Czz —10' cm . With
the positron trapping coefFicient p=2X10' s ' at room
temperature, it yields the trapping rate ~-5X10' s
which is an order of magnitude higher than the free-
positron-annihilation rate A,~. The fraction of positrons
annihilating at the DX center is therefore ~/(re+A, ~ ) —1.
The constant annihilation parameters below 300 K are
also consistent with the saturation trapping. Measure-
ment at 20 K after illumination directly gives the core-
annihilation parameter for free positron annihilation.
This yields SD/Sz =1.0039(5) and WD/W~=0. 937(3)
when x =0.29 and 1.0041(5) and 0.935(3) when x =0.61.
These values appear to be independent of the alloy com-
position, although Wz and WD both vary with the A1As
mole fraction.

The positron lifetime gives a measure of the size of the
vacancy, which is determined by the geometry of the de-
fect and the relaxations of the neighbori. ~g ions. Annihi-
lation with the core electrons is also influenced by the
type of ions around the vacancy. This effect may be sub-
stantial in compound semiconductors if the core electron
structures of the constituent atoms are very different, and
it can be used to identify the vacancy. ' In GaAs, howev-
er, vacancies in either sublattice yield very similar
Doppler parameters and, as indicated by the lifetimes,
they are largely determined by the size of the vacancy.
For the Ga vacancy VG, in electron-irradiated GaAs the
core- and valence-annihilation parameters WD / W~
=0.87 and SD /Sz = 1.015—l.019 have previously
been determined. ' ' The positron lifetime at Vz, is 260
ps. In the negative-As vacancy VA„which has a very
similar lifetime of 257 ps, ' the core- and valence-
annihilation parameters are Wn / Wz =0.89(1) and
Sn/Sz =1.015(1). In the neutral As vacancy the posi-
tron lifetime 295 ps (Ref. 18) indicates a large open
volume, and it is also seen in the Doppler parameters
WD /W~ =0.80 and SD /S& = 1.030.

In the case of the vacancy associated with the DX
center the valence- and core-annihilation parameters are
between those for free positron annihilation and those at-
tributed to VG, or VA, in GaAs. The Doppler parame-
ters therefore indicate that the vacancy associated with
the Si-DX center is smaller than an isolated vacancy.
This result can be understood if the vacancy is part of a
complex, or if the nearest-neighbor ions are strongly re-
laxed. A similar conclusion was reached from the posi-
tron lifetime experiments in Te-doped Al Ga

&
Sb

which shows a smaller increase of the defect lifetime at
the Te-DX center than, e.g., at vacancies in GaAs.
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B. Negative charge state of the vacancy

Positron trapping into vacancies in different charge
states was calculated by Puska, Corbel, and Nieminen.
They considered capture mechanisms involving both
electron and phonon excitations. For a neutral vacancy
the positron trapping coefficient p is generally indepen-
dent of temperature. For a negative vacancy the temper-
ature dependence of the positron trapping coefficient is
close to T ' . This temperature dependence is a direct
consequence of the Coulomb wave character of the initial
positron state. The square of the amplitude of the initial
positron wave function at the center of a negatively
charged vacancy is inversely proportional to the thermal
positron velocity leading to the temperature dependence
T ' of the trapping coefficient. One can also draw an
analogy between positron trapping at a negatively
charged vacancy and the hole capture at negatively
charged acceptors. Recently Darken and Jellison re-
ported hole capture cross sections for different singly and
doubly ionized acceptors in high-purity Ge. They find
that for several centers and different charge states the
hole capture cross section depends only on temperature,
and that it is proportional to T corresponding to a cap-
ture rate proportional to T

The core-annihilation parameters between 20 and 150
K at different alloy compositions in the Si-doped
Al Ga& As layers were indicated in Fig. 4. We will ex-
amine the temperature dependence of the positron trap-
ping rate ~ in the layers x =0.18 and 0.23, in which posi-
tron trapping is not saturated and the activation energies
for electron capture and emission at the DX center are
relatively large.

We calculate the positron trapping rates from the
kinetic trapping model. The experimental data plotted in
Fig. 4 suggests that the two-state model may not be
sufficient to explain the temperature dependence. From
150 to 100 K the number of positrons annihilating at the
DX center in the layers x =0.18 and 0.23 actually de-
creases. It is very difficult to reconcile this with positron
trapping at a vacancy. One possible cause is a competi-
tive positron trapping at negatively charged ion-type
centers in which the annihilation characteristics are near-
ly identical with free positron annihilation. Such centers
are commonly observed in GaAs at low temperatures. ' '

If the trapping rate at the negative ions is ~„, the kinetic
trapping model yields the positron trapping rate

requires that the core-annihilation parameters W~(T)
and 8'D are known. The core-annihilation parameter
Wz(T) for free positron annihilation from 20 to 100 K
was measured in each layer after illumination. It is
shown in Fig. 4 for the layers x =0.18 and 0.23. The
core-annihilation parameter for the defect state is taken
from the layers x =0.29 and 0.61 in which there is evi-
dence of saturation trapping (Sec. VIA), i.e., we assume
that WD/W~=0. 936 is independent of the A1As frac-
tion. As indicated in Fig. 4, the core-annihilation param-
eter 8'D is independent of temperature.

Figure 8 shows v/(kz+vst) as a function of tempera-
ture. If the trapping rate at negative ions is ~„&0, the
true trapping rate at the DX center is higher. Also, as ~„
always increases when temperature is lowered, the trap-
ping rate at the DX center possibly increases even more
rapidly at low temperatures than indicated in Fig. 8.
Nevertheless, the decrease of the core-annihilation pa-
rameter at low temperatures can only follow from the in-
crease of the positron trapping rate at the DX center.
The electron-capture rate at the DX center is exceedingly
small below 70 K, and there is no electron transfer be-
tween the deep level and the conduction band at low tem-
peratures. We also note that in order to explain the in-
crease of the positron trapping rate, the Si-DX concentra-
tion should increase by a factor of 2 between 80 and 20
K. However, the Hall carrier concentration in the layer
x =0.23 decreases only from 1.5 to 1.4X10' cm be-
tween 100 and 50 K, and it remains constant from 50 to
12 K, indicating that the number of electrons captured at
the DX level is very small. We conclude that the number
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at the vacancies. When using Eq. (4) to calculate the
trapping rate in order to estimate the optical cross sec-
tions (Sec. VA), negative ion-type centers were deli-
berately neglected. The true trapping rate at the vacan-
cies may therefore be higher than what was indicted in
Fig. 5, but the negative ions do not change the time decay
of the trapping rate at vacancies as long as ~„remains
constant. The optical cross sections given in Sec. VA,
therefore, remain unchanged.

We use Eq. (7) to calculate the trapping rates
~(T)/[A, ~+~„(T)]at low temperatures T (100 K. This

x = 0.18

0.2
20 40 60 80 100

TEMPERATURE (K)

FIG. 8. Plot showing the position trapping rate vs tempera-
ture from 20 to 100 K in Si-doped Al„oa& „As layers x =0.18
and 0.23. Here A,~ is the free positron-annihilation rate, and ~„
is the trapping rate at negative ion-type centers; see Eq. (7). The
solid lines indicate the temperature dependence T
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of vacancies remains constant below 80 K, and the in-
crease of the positron trapping rate is attributed to the
temperature dependence of the positron trapping
coefticient.

We use the positron trapping rate x( T) to discriminate
between neutral and negative charge states of the vacan-
cy. Although the mechanism of energy dissipation is not
clear, the divergence of the trapping coeScient at low
temperatures implies positron trapping at a long-range
attractive defect potential. This finding directly indicates
the negative charge of the vacancy.

The question of the total charge of the DX center is
more subtle. As positron annihilation at low tempera-
tures includes some contribution from negative ion-type
centers, we cannot attribute the temperature dependence
T '~ (Fig. 8) characteristic of positron trapping at the
Coulomb potential to the DX center. In that case the
temperature dependence of the trapping rate does not
definitely rule out the neutral charge state of the DX
center. Positron trapping at the EL2 defect provides a
counterexample. In semi-insulating GaAs the trapping
rate at the metastable configuration of the EL2 defect
which is electrically neutral depends strongly on tempera-
ture. ' ' It was suggested that a negatively charged va-
cancy which is a part of a neutral defect complex may
also lead to temperature-dependent trapping rate.

C. Comparison with theoretical models

Positron experiments indicate the vacancylike struc-
ture of the Si-DX center. In conjunction with some ear-
lier experiments, this finding provides useful insight into
the metastability of the donor impurity. It is generally
accepted that once the DX center is ionized at low tem-
peratures, the Si atom is at a substitutional Ga site. The
shallow hydrogenic states of the substitutional Si atom
have been seen in infrared absorption, ' Hall, ' and
electron paramagnetic resonance " measurements.
Moreover, it has been shown that the DX levels and the
hydro genic levels originate from the same impurity
atom. Therefore large atomic displacements are neces-
sary to explain the vacancy-type nature of the DX center
when the deep donor level is occupied. This gives direct
proof of the large lattice relaxation upon electron capture
which has been invoked to explain the metastability.

It has become increasingly evident that the vacancy-
interstitial model accounts for the electrical and opti-
cal properties of the DX center. The calculated atomic
structure is characterized by a large displacement of the
column-IV donor atom along the ( 111) direction into a
threefold-coordinated position. In the case of Si, the
center involves a 1.17-A displacement of the Si atom, and
the distorted geometry can be viewed as a pair of a Ga
vacancy and a Si interstitial in which the Si atom is off
center.

The vacancy-interstitial model is consistent with the
structural data from positron-annihilation experiments.
It predicts the formation of a vacant Ga site. Obviously,
this is in agreement with the positron experiments which
directly indicate the vacancylike structure of the DX
center. The impurity atom at an interstitial site next to

the vacancy would also account for the fact that the open
volume is not as large as in case of an isolated Ga vacan-
cy. Positron lifetimes at the DX center in GaAs have
been calculated assuming the ionic structure predicted by
the vacancy-interstitial model. It indicates that the va-
cant Ga site in a close VG, -Si pair can bind a positron
into a localized state. If the positron lifetime at the Ga
vacancy is adjusted to 264 ps, in agreement with its ex-
perimental value 260 ps, by setting the positron
e6'ective mass to m*=1.5m„ the lifetime at the Si-DX
center is 253 ps. The di8'erence in the core-annihilation
parameters for VG, and the Si-DX center corresponds
very well to the theoretical defect lifetimes.

The variation of the core-annihilation parameter 8'~
with the alloy composition is very similar to free positron
annihilation. It suggests that the Ga atoms also make a
large x-dependent contribution to the core electron an-
nihilation at the DX center. This observation is not in
contradiction to the vacancy-interstitial model, even if
the nearest neighbors around the vacancy are As atoms.
It can be traced back to the rather weak localization of
the positron at the DX center, as indicated by the calcu-
lated positron wave function. One therefore expects a
large contribution to the core electron annihilation from
Ga and Al atoms in the Ga sublattice.

The charge state of the DX center bears a close relation
to its microscopic structure. Khachaturyan, Weber, and
Kaminska ' proposed a two-electron negative-U state of
the donor to explain the persistent photoconductivity and
the absence of the EPR signal of the DX centers. The
same conclusion was reached by Chadi and Chang from
self-consistent pseudopotential total-energy calculations.
They found the DX center is a highly localized and nega-
tively charged center. A negative total charge would give
a straightforward explanation to the increase of the posi-
tron trapping rate at the Si-DX center at low tempera-
tures. However. , as discussed in Sec. V, section, by the
present experimental data one cannot judge the tempera-
ture dependence of the positron trapping rate to be a
proof of the negative charge state.

We Anally point out the similarity of the DX center
with the EL2 center in GaAs. It has been verified that an
As antisite is a part of the stable state of the EL2
center. The metastability of the EL2 center has been as-
sociated with the large displacement of the As atom into
the neighboring interstitial site. ' Therefore the atomic
structure of the metastable state of the EL2 center is very
similar to the structure of the Si-DX. Positron experi-
ments' ' have shown that the metastable configuration
of the EL2 center contains a vacancy. The annihilation
parameters are quite similar in the two cases, suggesting
that the atomic con6gurations of the DX center and the
metastable state of EL2 are very similar. The displace-
ment of the column-IV donor atom (DX)or the As atom'
(EL2) from the Ga site predicted by the vacancy-
interstitial model therefore gives a consistent picture of
positron annihilation at these metastable defects.

VII. SUMMARY

%'e have applied positron-annihilation spectroscopy to
investigate the microscopic structure and the charge state
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of the DX center in Si-doped Al„Ga, As grown by
molecular-beam epitaxy. In agreement with our earlier
experiments all Si-doped Al„Ga& As layers were found
to contain vacancy-type defects. The vacancy was ob-
served only in n-type layers with the A1As mole fraction
x ~0.18.

After illumination with IR light (photon energy —1.3
eV) the vacancy signal disappears persistently. The opti-
cal cross section for this process is equal to the photoion-
ization cross section for the Si-DX center. The tempera-
ture at which the vacancy recovers depends on the A1As
mole fraction. It was found to be in good agreement with
the variation of the electron-capture barrier at the DX
center. The disappearance of the vacancy signal in
thermal equilibrium above room temperature coincides
with thermal ionization of the DX center. The electron
binding energies estimated from the positron-annihilation
data are consistent with those found from the Hall exper-
iments below room temperature. We conclude that the
vacancy defect observed in Si-doped Al Ga& As is the
Si-DX center.

By showing the vacancylike structure of the Si-DX
center, positron annihilation provides additional informa-
tion about the local structure of the DX center. The va-
cancy is smaller in size than an isolated vacancy in GaAs.
These results also provide insight into the metastability of
the DX center. Earlier experiments have indicated that
once the DX is ionized, the Si impurity is at the substitu-

tional Ga site. The vacancy-type nature of the DX center
shows directly that ionic configurations corresponding to
the different electronic con6gurations must be totally
different. The structural data from positron experiments
are in good agreement with theoretical calculations
which predict a large displacement of the group-IV im-

purity into a threefold-coordinated interstitial site. The
temperature dependence of the positron trapping rate
shows that the vacancy is negatively charged. This is
consistent with the two-electron occupation if the deep
donor level predicted by the vacancy-interstitial model.

Theoretical studies have suggested that different forms
of sp hybridization in covalent crystals are responsible for
the metastability of the donor impurities. The same basic
mechanism has been used to explain the metastability of
the EL2 center in GaAs. We note that the displacement
of the column-IV donor atom (DX) or the As atom (EL2)
from the Ga site predicted by the vacancy-interstitial
model gives a consistent picture of positron annihilation
at these metastable defects.
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