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Native vacancy defects are studied in as-grown GaAs materials by positron-lifetime measure-

ments. Direct evidence of native monovacancy-type defects is found in as-grown n-type Te-, Sn-,

and Si-doped GaAs. However, the same evidence is not found in as-grown semi-insulating In- or
Cr-doped GaAs or semi-insulating undoped GaAs or p-type GaAs(Zn). It is shown that the posi-

tron trapping and annihilation in the native defects are strongly dependent on the position of the

Fermi level in as-grown n-type GaAs. It is concluded that the configurations of the native monova-

cancy defects in GaAs (Te or Sn) change with the position of Fermi level. Two Fermi-level-

controlled transitions are found: one is located at 0.035+0.015 eV and the other at 0. 10+0.02 eV

below the conduction band. It is proposed that the two transitions correspond to two charge-state

transitions of the arsenic vacancy V„,~ V&, and V&, ~V„„respectively.

I. INTRODUCTION

Depending on the growth conditions, various localized
energy levels are detected in the energy gap of as-grown
gallium arsenide by electrical and optical spectroscopy
techniques. ' These levels strongly affect the electronic
properties of materials and it is important to determine
the atomic structure and the chemical nature of the na-
tive defects responsible for them.

However, this identification is still a matter of contro-
versy. ' A major reason is that the electron paramagnet-
ic resonance (EPR), recognized as the most powerful
technique to study the structure of defects in semicon-
ductors, gives signals difticult to analyze in GaAs. The
hyperfine structure of the spectra cannot be resolved even
with high-resolution techniques. Consequently, contro-
versial models are still proposed for the same energy lev-
els. Intrinsic defects like antisites (Aso„GaA, ), intersti-
tials (As;,Ga, ), and vacancies ( V~„VG, ) as well as resid-
ual impurities are considered in these models. For in-
stance, the midgap electron trap EL2 found in most
GaAs materials has been successively proposed to be
VG„AS,-, a complex involving VG, —As,-, As/, —VA„and
recently a pair Aso, —As;.

Therefore, techniques able to directly determine the in-
terstitial or vacancy nature of a defect are expected to
yield new and valuable information on the structure of
the native defects. Positrons get trapped at vacancy-type
lattice defects and consequently, positron annihilation
has proved to be a powerful method to study vacancy-
type defects on an atomic scale. It has been widely used
in metals during the last decade. The situation is
much different in the field of semiconductors, where only
a few studies have shown that positron annihilation can

be successfully applied. Silicon is mostly found to be free
of native vacancy defects when it is as-grown and to con-
tain vacancy defects when it is irradiated or de-
formed. ' In contrast to silicon, compound semiconduc-
tors like gallium arsenide" ' or indium phosphide' are
found to contain native vacancy defects. The concentra-
tions are estimated to be rather high, of the order of
10' —10' cm . For recent reviews on positron annihi-
lation in semiconductors, see Refs. 18 and 19.

We report in this paper a systematic investigation of
the positron annihilation in GaAs materials aiming to
characterize native vacancy defects in as-grown crystals.
We have measured the positron lifetime and its tempera-
ture dependence in Zn-, In-, Cr-, Sn-, Te-, and Si-doped,
as well as in undoped, as-grown single crystals. Some
preliminary results of this study have been reported ear-
lier 20 23

The positron response in as-grown GaAs depends sys-
tematically on the conduction type. In n-type GaAs,
vacancy-type defects are detected. Their charge is either
neutral or negative. The analysis of the results indicates
that the native defects are of the monovacancy type. In
Te- and Sn-doped GaAs, the defects present three
configurations depending on the position of the Fermi
level. They become positive in Te- or Sn-doped materials
compensated by electron irradiation.

The Fermi-level positions at which the native defects in
n-type GaAs (Te or Sn) change their configurations sug-
gest that the three distinct configurations are related to
the charge states of the arsenic vacancy corresponding to
V~, , V~„V~,. Two identifications are discussed. (i) The
native defects are clean or decorated arsenic vacancies
and the three vacancy configurations correspond to
Vz, , V~„VA,. (ii) The native defects are clean or
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decorated gallium vacancies and the three vacancy
configurations correspond to VG, and to the arsenic-
vacancy —arsenic-antisite pair VA, —AsG„VG, —As&, .

In as-grown semi-insulating (si) or p-type GaAs, the
positron response is consistent with two alternative situa-
tions. (i) The native defects are not of the vacancy type.
(ii) The native defects are of the vacancy type but with a
positive charge, in which case they involve arsenic vacan-
cies.

This paper is organized as follows. The experiments
are described in Sec. II and the results are presented in
Sec. III. The analysis of the results leads to identify three
distinct positron-annihilation states corresponding to the
lifetimes 232, 258, and 295 ps, respectively. The 258- and
295-ps annihilation states appear only in n-type doped
GaAs. The former is reversibly replaced by the latter
when temperature increases from 77 to 500 K. Both
states disappear after annealing and electron irradiation.
The positron trapping model for vacancies in semicon-
ductors, which is used to explain the results, is discussed
in Sec. IV. The experimental positron lifetimes found in
GaAs are, respectively, attributed to annihilation in bulk
(232 ps) and to annihilations in monovacancy defects (258
and 295 ps) in Sec. V. The observation that native defects
are detected only in n-type GaAs materials is correlated
to the charge states of the monovacancy defects in Sec.
VI. The properties of the native vacancy defects are ana-
lyzed as a function of carrier concentration in Sec. VII.
It is concluded in Sec. VIII that the position of the Fermi
level determines entirely the positron-annihilation states
in as-grown GaAs.

II. EXPERIMENTAL DETAILS

Positron lifetimes were measured in GaAs samples of
5 X 5)&0.2 mm cut from various single crystals (see Table
I). The crystals had been grown either by liquid-
encapsulated Czochralski (LEC) method or by horizontal
Bridgman method (HB). In the text hereafter the follow-
ing notation for the samples will be used: the sample la-
beled by n-GaAs(Te: 1.5&10' ) is n-type doped with Te
atoms and has a net carrier concentration of 1.5&10'
cm . Experiments were performed in the as-grown,
isochronally annealed and in irradiated states of the sam-
ples. Two identical sample pieces from the same wafer
were sandwiched with a 10-pCi positron source prepared
by evaporating NaC1 solution onto a 5-pm Al or 1-pm
Ni foil.

The lifetime spectra with 10 counts were recorded us-

ing two fast-fast coincidence systems with time resolu-
tions of 230 and 300 ps for the full width at half max-
imum (FWHM). The source corrections, i.e., the contri-
bution of positrons annihilating in the source materials,
were estimated by measuring well-characterized defect-
free metals and Si samples. Following corrections were
used for the GaAs sample: 2.5% of 450 ps and
0.1 —0.3% of 800 ps for the Al-foil source and 7.5% of
150 ps and 4.5% of 450 ps for the Ni-foil source.

After source corrections the lifetime spectra were fitted
to a sum of exponential decay components

n (t) =no g (I;/r; )exp( t/r; )—

TABLE I. Characteristics of the measured GaAs single crystals. They are grown by the Bridgman
(HB) or Czochralski (CZ) method and provided by Thomson (CFS), Radiotechnique (RTC), Labora-
toire d'Electronique, de Technologie et d'Instrumentation (L), Cambridge Instruments (CI), Electronic
Materials (MCP), and Boliden (B). The carrier concentrations are measured at 300 K.

Dopant

Zn
Zn
Zn

Growth
method

HB
CZ
CZ

Supplier

RTC
CI
CI

Carrier
concentration

(cm-')

2.0x 10"
5.4x 10"
6.2X 10"

Dislocation
density
(cm )

2.0x 10
2.2x10'

Orientation

& too&
& loo)
& loo&

Cr
undoped
undo ped
In

CZ
CZ
CZ
CZ

RTC
CFS
L
L

semi-insulating
semi-insulating
semi-insulating
semi-insulating

& loo)
& too&

& loo&
& )oo&

Sn
Sn
Sn
Te
Te
Te
Si
Si

CZ
CZ
CZ
CZ
CZ
HB
CZ
HB

CI
CI
CI
CI
CI
MCP
B
RTC

1.0x 10
1.6x10"
1.2 x 10'
1.5 x 10"
2.0x 10"
5.0x10"
1.7 x 10"
2.3 x 10"

2.68 x 104

(10
2.62x 10

1.0x 10'

&I) 1&

& too&

& loo)
& loo)
& )oo&
&)oo&
&)oo&
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convoluted with the Gaussian resolution function of the
spectrometer. Here no is the total number of observed
annihilation events and I,. denotes the relative intensity of
the component having the lifetime r;. Only one or two
components were resolved in our experimental spectra.
From the lifetime and intensity values we calculated also
the average lifetime

I1+1+I2+2

which is insensitive to the uncertainties in the decomposi-
tion procedure. The fitting was performed so that the
variance was at minimum and that the average lifetime ~
coincided with the center of mass of a spectrum within
+1 ps.

The average lifetimes measured from the same samples
with different lifetime spectrometers and different posi-
tron sources coincided typically within 2 ps. On the oth-
er hand, the decompositions were found to be sensitive to
the time resolution. Especially, when the ratio of T2/r,
decreased below 1.5, the higher resolution of 230 ps
(FWHM) was found to be crucial to get reliable decom-
positions.

The isochronal annealings were performed under vacu-
um (30 min, 10 torr) between 300 and 850 K. After
each annealing, the positron-lifetime spectra were mea-
sured at 300 K. After annealings above 750 K, the life-
times were measured also at 100 K.

Lightly Te- and Sn-doped GaAs samples were irradiat-
ed at room temperature with 1.5-MeV electrons to make
them semi-insulating. Irradiations were performed with
the Van der Graaf accelerator of the Ecole Normale in
Paris. The lifetimes were measured at 100 and 300 K in
the as-irradiated state.

Electrical measurements (capacitance-voltage) and
deep-level transient spectroscopy (DLTS) measurements
have also been performed in GaAs(Sn: 1.6X10' ) to
check the quality of the samples. The measurements in-
dicated the presence of five localized levels in the gap.
The levels acted as electron traps. Their total concentra-
tion was less than 10' cm . Hall measurements were
also performed at 300 and 77 K for several samples to
check the carrier concentrations given by the suppliers.

III. EXPERIMENTAL RESULTS

In this section, we examine successively, how in GaAs
the positron-lifetime spectra depend on the doping, tem-
perature, annealing, and irradiation treatm:nt of the sam-
ples.

A. Lifetime spectra at 100 and 300 K: doping efFect

The decomposition of the lifetime spectra measured at
low temperature is often dificult and rather ambiguous
even at the higher resolution of 230 ps (FWHM).
Reasons for this will be discussed in Secs. IIIB and
VII A. Therefore we present in Table II only the positron
average lifetimes measured at 100 K for the as-grown
states.

Four trends appear clearly in the positron average life
times ~ given in Table II at 100 K for the as-grown sam-

TABLE II. Positron lifetimes at 100 K in as-grown GaAs.
The effect of the carrier nature and concentration. The carrier
concentrations are measured at 300 K.

Dopant

Zn
Zn
Zn
Cr
undoped
Sn
Sn
Te
Te
Te
Si

Type

s1

s1

Carrier
concentration

(cm )

2.3 X 10"
5.0g 10"
6.0X 10"

1 0X10
1.2)( 10'
1.SX 10"
2.0y10"
5.0X 10"
2.3X10"

(ps)

230+1
235+1
234+1
232+1
234+1
256+1
246+1
245+1
246+1
245+1
236+1

B. Temperature efFects on the lifetime spectra

The comparison of the measurements performed at 100
and 300 K shows that the variations of the lifetime spec-
tra with the temperature depend on the doping of the
samples. This phenomenon is clearly illustrated in Figs.
1 —3 showing the variation of the average lifetime ~ in p-,
si, and n-type GaAs in the range 100—400 K. Let us
mention that all the curves in Figs. 1 —3 are reproducible

ples. (i) The average lifetime ~ remains practically con-
stant in p-type GaAs when the doping concentration
varies. (ii) In semi-insulating GaAs, the average lifetime
~ is the same in doped or undoped GaAs and its value of
234+2 ps is quite close to that found in p-type GaAs. (iii)
The average lifetime v is systematically higher in n-type
GaAs than in si or p-type GaAs. (iv) The average lifetime
~ is sensitive to the doping concentration in n-type GaAs
and ranges from 240 to 260 ps.

These four trends remain valid for the average lifetime
measured at 300 K (Table III}. In addition, the decompo
sitions of the lifetime spectra also shown in Table III de-

pend on the doping. Only a single lifetime is resolved in

p-type and si GaAs, but one or two components are
resolved in n-type GaAs depending on the carrier con-
centration. Two lifetimes are easily resolved in the three
lightly doped n-GaAs(Te: 1.5 X 10' ), n-GaAs(Sn:
1.0X10' ), and n-GaAs(Sn: 1.6X10' ) specimens. The
longer component &2 is the same in the three samples and
has a value of 295+5 ps.

In n-GaAs(Te: 2X 10' ) and n-GaAs(Sn: 1.2X 10'7) the
resolution of the lifetime spectra into two components is
more difFicult. The longer lifetime appears with a value
of 265 ps, which is lower than in the lightly n-type doped
samples.

In the heavily-doped n-GaAs(Te, Se: &10' ) samples
the free decompositions are possible only with the life-
time spectra measured with the higher (230 ps FWHM}
time resolution. The long lifetime is then 258+4 ps and
thus definitely lower than that of 295 ps found in the
lightly n-type doped samples.
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TABLE III. Positron-lifetime spectra at 300 K in as-grown GaAs. The e8'ect of the carrier nature
and concentration at 300 K.

Dopant

Zn
Zn
Zn

Type

Carrier
concentration

(cm )

2.3 X 10'
5.0X10"
6-0X 10'

(ps)

229+1
232+1
232+1

'T2

(ps)
I2

(Vo)

Cr
undoped
undoped
In

S1

S1

s1

s1

235+1
232+1
231%1
233+1

Sn
Sn
Sn
Te
Te
Te
Si
Si

1.0X 10
1.6X 10"
1.2X 10"
1.5X 10
2.0X10'"
5.0X10"
1.7 X 10"
2.3 X 10"

261+1
264+1
239+1
247+1
242+1
238+1
238+1
248+1

141+ 7
155+ 7
167+11
156+ 7
184+10
193+35
174+14
125+15

291+ 3
297+ 2
266+ 4
284k 3
265+10
254+12
258+ 4
262+ 2

80+2
77+2
73+5
71+2
7127

74+30
76+8
90+2

and reversible.
No temperature effect is found in p-type GaAs(Zn) and

in doped or undoped si GaAs samples (Fig. 1). A strong
effect occurs in lightly doped n-GaAs(Te: 1.5X10' and
Sn: 1.0X 10' ) where ~ goes through a maximum at about
200 K. The maximum is still seen but much reduced in
n-GaAs(Sn: 1.2X10' and Te: 2X10' ) (Fig. 2). The
maximum seems to disappear in heavily doped n-type
GaAs (Fig. 3). The nature of the donors seems to
influence the curves 7(T). An increase of 10 ps of the
positron lifetime is observed in n-GaAs(Si: 2.3X10 ),
whereas a slight decrease of 5 ps is observed in heavily

doped n-GaAs(Te: 5.0X 10' ).
The decompositions of the lifetime spectra in n-

280

280

~ 260—I:
U

C)
m 240
I
Vl

Ga

16

Sn:1.2 «1017

280

—260

2&0

CL

~~ 260
K

2K
L3

UJ

GaAs

Cr doped (si)
Undoped (si)

Zn-. 2 1018 2I0

Te: 2.1017 —220

—240

220
100

1 ) l t I

200 300 400

MEASURE NE NT TEMPERATURE ( K}

FIG. 1. Average positron lifetime as a function of tempera-
ture in as-grown p-type GaAs(Zn), semi-insulating undoped
GaAs and doped GaAs(Cr).

I

100

I l I

200 300

MEASUREMENT TEMPERATURE (K)

I

I00

FIG. 2. Average positron lifetime as a function of tempera-
ture in as-grown n-doped GaAs(Sn: 1.0 X 10' ), GaAs(Te:
1.5X 10' ), GaAs(Sn: 1.2X10' ), and GaAs(Te: 2.0X10"). The
carrier conoentrations at 300 K are given in cm
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Vl
CL

It~ 260—X:

LaJ
U

244—
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220

Te: 50.l0l8
S):2.~ lo'8

I

l00

I I t I s

200 300 440

MEASUREMENT TEMPERATURE (K)

the same as the one measured in as-grown, p-type or si
GaAs. We have checked that the specimens were still n-

type at 300 K after annealings at 850 and 1000 K.

D. Compensation by irradiation

The results after 300-K irradiation at a dose sufficient
to compensate GaAs(Te: 1.5 X 10' ) and GaAs(Sn:
1.6X 10' ) specimens are given in Table IV. The average
positron lifetime measured at 100 or 300 K is lower than
its initial value and reaches a value, of 230-240 ps, slight-
ly higher than in p-type or si GaAs. The decomposition
of the lifetime spectra into two components at 300 K is
dilcult, even if the 295 or 258 ps lifetime are fixed. More
results on the irradiation effects can be found in Refs.
20-24.

FKJ. 3. Average positron lifetime as a function of tempera-
ture in as-grown heavily n-doped GaAs(Te: 5.0)(10' ) and
GaAs(Si: 2.3)& 10' ).

GaAs(Te: 1.5X10' ) and n-GaAs(Sn: 1.0X10' ) as a
function of temperature are shown in Figs. 4 and 5, re-
spectively. Most striking is the behavior of v2. At low
temperatures it reaches a value of 260 ps and above 100
K it starts to increase with temperature towards a level of
290 ps. Above 300 K v.

2 stays constant, but the intensity
I2 decreases strongly.

From Figs. 4 and 5 one can see why the decomposition
is diScult at low temperatures: the values of 7t and vz
are close to each other. Also at high temperatures
(T& 300 K) the decomposition becomes more uncertain,
because Iz decreases below 50%%uo.

Figure 6 shows the decompositions in n-GaAs(Sn:
1.2X 10' ) as a function of temperature. The lifetime r2
is about 260 ps at low temperatures and stays at this level
up to 250 K. Above this temperature it starts to increase
slowly towards 290 ps. So again, as at lower doping level,
~2 increases with temperature. However, the increase of
'f2 is shifted to higher temperatures and occurs also on a
wider temperature range. The error bars in Fig. 6 are
rather large due to the 1ow values of the average lifetime
7 and small intensities I2 especially above 400 K.

C. Annealing of the as-grown samples

Annealing efFects on the positron-lifetime spectra have
been studied in n-type GaAs (Te or Sn). They are found
to depend only weakly on the carrier concentration (Fig.
7) and to be independent of the nature of the donor (Fig.
8). As seen in Figs. 7 and 8, the average lifetime de-
creases in the temperature range 680—850 K. In the
lightly doped samples, the annealing stage of the average
lifetime corresponds to a decrease of the intensity I2 of
the 295-ps component. The decomposition of the lifetime
spectra remains unchanged up to 650 K. Two com-
ponents are still resolved in the positron-lifetime spectra
after annealing at 700 K, but above this temperature, the
intensity I2 decreases. After annealing above 850 K, only
one single lifetime is resolved. This lifetime 232+3 ps is

E. Positron annihilation states

In GaAs, the lifetime spectra consist of one or two
components and the average lifetimes vary in the range
230-270 ps. This means that the electron-positron pairs

l00

0
50

f4

260—
UJ
X:

LLJ
LL-

200—
~ ~

c/l fP

R 15O—

100

I

l00

I

200

MEASUREMENT TEMPERATURE (K)
FIG. 4. Decomposition of the positron-lifetime spectra as a

function of temperature in as-grown lightly n-doped GaAs(Te:
1.5X10' )
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K
LaJ
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260
aAs

Sn. 1.2 x 1017

200—
C)
CY

Vl

o 200

150

I

100

I t I t I

200 300 400

MEASUREMENT TEMPERATURE (K)

I

500

100 -"
I i I

200 300 &00

MEASUREMENT TEMPERATURE tK)

FIG. 6. Decomposition of the positron-lifetime spectra as a
function of temperature in GaAs(Sn: 1.2)&10' ). Below 125 K
the decomposition of the spectra is not possible.

FIG. 5. Decomposition of the positron-lifetime spectra as a
function of temperature in as-grown lightly n-doped GaAs(Sn:
1.0&10' )

can annihilate from different states in GaAs. Let us see
the number of these states and their associated lifetimes.

In several samples, a decay constant of 232+3 ps has
been found, which remains constant in the temperature
range 100—400 K. These characteristics suggest strongly
that the 232-ps decay constant corresponds to a well-
defined positron state in GaAs that we will call in the fol-
lowing the 232-ps annihilation state.

A second annihilation state gives rise to the lifetime of
295 ps which is reproducibly observed in several lightly
n-type doped samples at 300 K and between 250-400 K.
The 295-ps annihilation state occurs in the Te- and Sn-
doped specimens when the carrier concentration is about
10' cm . It is always observed in competition with
another annihilation state.

Clearly at least a third annihilation state takes place in
the n-type GaAs, since the decompositions in Figs. 4—6
change with temperature. The lifetime ~z in the n-type
doped (10' —10' cm ) samples reaches a value of
260+5 ps at lower temperatures. In addition, at room
temperature the free decompositions of the heavily n-type

~ 260

LU

~ 240—
L3

CX
laJ

Te: 1.S x ~016

Te: 2.

I I

G As

220 I s l i l

I OO &00 BQQ

ANNEALING TEMPERATURE (K)

I

lOQO

FIG. 7. Average positron lifetime as a function of annealing
temperature in as-grown n-type doped GaAs(Te). The influence
of the donor concentration in GaAs(Te).

doped (& 10' cm ) materials give a second lifetime of
258+3 ps and below room temperature any spectra mea-
sured from these samples can be fitted by fixing rz to 258
ps. Also the lifetimes measured after electron irradia-
tions are close to 260 ps. These facts lead us to as-
sume that a lifetime of 258+3 ps corresponds to a well-



8198 CORBEL, STUCKY, HAUTOJARVI, SAARINEN, AND NOSER 38

100—

80—
0

60—

I

GaAs

p:1 6x1016

LiJ

z 20—

260—

IV
UJ
K

~ 2a0— Te 1.5x)

Sn:1.6 106

L3

CX
LlJ0

220 I

400

I

600 1000

defined positron-annihilation state. Any value of ~z be-
tween 258 and 295 ps in Figs. 4-6 and Table III can be
interpreted as a superposition of these two annihilation
states, as will be discussed later.

F. Summary of experimental findings

In summary, three annihilation states have been
identified in as-grown GaAs corresponding to the life-
times of 232, 258, and 295 ps. Their existence depends on
the doping type of the samples and furthermore, on the
carrier concentration in n-type materials.

The 232-ps annihilation state occurs in p-type GaAs for
any level of the doping. It also occurs in semi-insulating
samples doped or undoped. It is the single annihilation

TABLE IV. Average positron lifetime ~ in ps before and
after compensation by 1.5-MeV electron irradiation at 300 K.
The measurement temperature is also given. The conduction
type of the samples is indicated in parentheses.

Sample

Te: 1.5X10'

Sn: 1.6X10'

As-grown
(300 K)

250+1
(n)

264+1
(n)

Irradiated
(300 K)

233+1
(si)

241+1
(si)

(10' e cm )

(100 K)

232+1
(si)

ANNEALING TEMPERATURE (K)

FIG. 8. Average positron lifetime and the intensity of the
295-ps component as a function of annealing temperature in as-
grown n-type doped GaAs(Te or Sn). The inhuence of the na-
ture of the dopant in lightly doped GaAs (n = 10' cm ').

state occurring in these materials. In n-type GaAs it is
also gradually reached at temperatures above 300 K and
it is found at any temperatures after annealing above 800
K.

The 258-ps annihilation state is observed in the range
100—400 K in highly n-type doped GaAs (Te or Si: 10' )

materials. The 258-ps annihilation state is observed
below 200 g in GaAs (Te or Sn: 10' ) and below 100 K in
GaAs (Te or Sn: 10' ). It disappears progressively above
200 K and is replaced completely or partially by the 295-
ps annihilation state. The 295-ps annihilation state is re-
placed by the 232-ps annihilation state as the temperature
increases, and has nearly disappeared at 400 K.

The 232-ps annihilation state and the 295-ps annihila-
tion state have been previously observed in undoped
GaAs at room temperature by Kerr et a/. ,

' Dannefaer
et al. ,

' ' and Dlubek et al. ' Lifetimes of about 260 ps
have been reported in as-grown' as well as in electron ir-
radiated samples. In addition, the measurements by
Dlubek et al. ' at 300 K exhibited the same systematic
trends as ours. The average positron lifetime was always
higher in n-type GaAs than in si or p-type GaAs. Their
average positron lifetime in p-type and si GaAs was
230%3 ps as in our single crystal samples and only one
positron lifetime was resolved. The average lifetime
varied in n-type doped specimens depending on the dop-
ing level. The decomposition of the lifetime spectra
varied also with the doping level. Dannafaer and Kerr'
have also noticed that the 295-ps annihilation state exists
only in lightly doped n-type GaAs, whereas in heavily
doped GaAs(Si: 10' ) they found a second lifetime with
the value 260 ps. The change of ~2 from 260 to 295 ps as
a function of temperature has recently been found also in
several undoped lightly n-type GaAs.

In the following, we will focus on these systematic
trends, not emphasized previously, and on the tempera-
ture dependence of the lifetime spectra. We will show
that a coherent picture of the positron response emerges,
when the annihilation characteristics are correlated to
the position of the Fermi level.

IV. POSITRON TRAPPING IN GaA$

In Sec. III, we have associated the lifetimes of 232, 258,
and 295 ps measured in GaAs to three distinct annihila-
tion states. These lifetimes are due to annihilations aris-
ing from different positron states. Annihilation from po-
sitronium states would lead to much longer lifetimes, of
about 1000 ps, and consequently can be excluded. We ex-
plain the existence of the 258- and 295-ps lifetimes by the
trapping of positrons in native vacancy defects. The
trapping model is well established in metals and can be
extended to semiconductors. However, in semiconduc-
tors, a new parameter, which is the charge of the vacancy
defects, has to be considered. The results presented in
Sec. III will therefore be discussed as follows.

In this section, we shall recall the main features of the
positron trapping model and discuss the effects of the
charge state of vacancy defects on positron lifetime and
positron trapping. We shall see that the positive charge
of positrons prevents the trapping by positive vacancy de-
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fects. In semiconductors, positron trapping is limited to
vacancy defects which are neutral or negatively charged.

In Sec. V, we shall assign the 232-ps lifetime to annihi-
lation in the bulk. We shall assign the 295-ps lifetime to
annihilation in a position trap denoted by P1 and 258-ps
lifetime to a positron trap P2. We shall show that P1 and
P2 are monovacancy-type defects.

The results show that the 232-ps state occurs in p-type
si, and n-type GaAs and that the 295- and 258-ps states
occur only in n-type GaAs. We shall draw the implica-
tions of this property in Sec. VI. We shall arrive at the
conclusion that the P1 and P2 defects can involve either
the gallium vacancy of the arsenic vacancy since, accord-
ing to several theoretical and experimental works, both
are neutral or negative in the n-type GaAs.

In Sec. VII, we shall correlate the evolution of the
positron-lifetime spectra in n-type GaAs to the position
of the Fermi level. We shall be led to propose that the
positron traps P1 and P2 correspond to two
configurations of a same native vacancy defect. The tran-
sition P2 ~Pl (i.e., the positron-lifetime change
258-+295 ps) occurs when the Fermi level moves down in
the gap to Ec—0.035 eV (Ec is the energy of the bottom
of the conduction band). Also the transition Plbulk,
i.e., the lifetime change 295~232 ps, seems to be Fermi-
level controlled and occurs when the Fermi level moves
down to E& —0.10 eV. We shall propose that these two
transitions reAect the charge-state transitions of the ar-
senic vacancy V„', ~V„,and V„,~V„„respectively.

K =Pd Cd (3)

where pd denotes the specific trapping rate per defect.
The annihilation in the vacancy-type defect is character-
ized by a lifetime ~d longer than the lifetime ~b in the
bulk. If a trapped positron does not escape from the de-
fect, a two-component exponential lifetime spectrum

n (t)/n0 =(I, /~, )exp( t /r, )+(I2/r2)exp( t/~2) —(4)—
with

1/ii ——1/~b +tt,
+2 +d ~

(5)

A. Positron trapping model

Positrons being positively charged are able to get
trapped in vacancy defects where positron-ion repulsion
is locally reduced. Annihilations at vacancy defects give
characteristics clearly different from those arising from
annihilations in the bulk. The positron lifetime is longer
when the annihilation occurs in a vacancy defect than in
the bulk, because the electron density is lower in a vacan-
cy defect. Positron trapping is well identified in metals.
For example, in iron the positron has a lifetime of 110 ps
when delocalized in the bulk, of 142 or 165 ps when lo-
calized in dislocations, and of 170 ps when localized in
a monovacancy.

A quantitative analysis of the positron-lifetime spectra
can be done using the positron trapping model. In this
model, the total trapping rate K for a concentration c„of
defects is given by

follows from the trapping model for one type of defect.
The validity of the model can be tested from Eq. (4) or
from the following relationship:

1/ro I 1 /+i +I2/+2 1/+b (7)

The total trapping rate can be obtained for the following
relations:

I2 1K=
Ii Vb 'r2

7 —7b

7b 72
(8)

The above trapping model can be applied to semicon-
ductors. However, a new factor, the charge of a vacancy
defect, has to have considered. In semiconductors, va-

cancy defects can have several charge states. To what ex-
tent shall the characteristics of positron trapping in a va-

cancy defect be sensitive to its charge state? Let us focus
on the specific trapping rate and the positron lifetime,
which are the interesting characteristics in this paper.

The first question concerns the ability of positively
charged vacancy defects to trap positions. It can be ex-
pected that no trapping occurs in positively charged va-
cancy defects, since positrons are positive. It is
effectively what we have observed after irradiation in
GaAs for the As vacancy. " We consider that this re-
sult can be expected to other vacancy defects in GaAs
and other semiconductors.

The second question to be considered is the value of
the specific trapping rate. Very few data are available.
From neutron irradiation experiments in silicon Dan-
nefaer et al. have estimated that the trapping rate in di-
vacancies is 4&(10 cm s ', in good agreement with
the value of 5)&10 cm s ' deduced from electron ir-
radiation experiments of Shimotomai et al. From elec-
tron irradiation in GaAs, we can estimate that the
specific trapping rate per arsenic vacancies, VA, , is about
6X10 cm s '. These values are comparable to the
values of the specific trapping rates for monovacancies in
metals, which typically are of the order of 10 s
However, clear theoretical or experimental information is
still missing on the following points: (i) the variation of
the specific trapping rate with the charge state of a va-
cancy defect, (ii) the temperature dependence of trapping

where ~=I& ~, +I2~2 is the average lifetime.
If the specific trapping rate is known, one can calculate

the concentration of the vacancy-type defects corre-
sponding to the lifetime r2. For vacancies in metals, JLt

varies in the range 10 -10 cm s '. This means that
in metals with a typical specific trapping rate of 10
cm vacancies are detected by positrons for concentra-
tions above 10' cm

When there is more than one type of defect and when
the experimental lifetime spectra can be resolved only in

two components, usually the shorter defect lifetimes are
mixed into ~& and the longest one comes out as ~2. In this
case Eqs. (5) and (7) are not fulfilled and the trapping rate
from Eq. (8) gives a lower bound of the defect concentra-
tion.

8. Positron trapping and charge state
of vacancy defects
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for a given charge state, and (iii) the trapping mechanism
and its dependence on the position of the defect leve1 in

the gap. Some comments can be made. About (i), an in-

crease of the trapping rate is expected when the charge
state becomes more negative. About (iii), by comparison
with trapping of holes, Dannefaer et al. have suggested
that multiphonon trapping process may occur, but there
is no experimental evidence for such a process in GaAs.

The third question arises about the variation of the life-
time of a trapped positron when the charge state of the
vacancy changes. The positron lifetime in a vacancy de-
pends on the electronic density seen by the trapped posi-
tron. Puska's calculations have shown that the addi-
tional or removal of an extra electron in an ideal vacancy
has only a small effect of the order of 1 —3 ps. This is
comparable to the effect of the decoration of a vacancy by
a substitutional impurity in metals. The positron densi-
ty distribution follows the electron charge transfer with
nearly no effect on the overlap of the electron and posi-
tron wave functions. However, in semiconductors the
configuration of a vacancy can be strongly perturbed
when the vacancy changes its charge state. The local
rearrangement of the lattice in the vicinity of the vacancy
may result into relaxation or even distortion (Jahn-Teller
effect) when the defect level is degenerated. Calculations
in metals have shown that the positron lifetime is ex-
tremely sensitive to the configuration of a vacancy defect.
For example, in Au an inwards relaxation of the first
neighbors of the vacancy by 5% is sufficient to reduce the
lifetime by 20%, from 200 to 166 ps. Recent calcula-
tions on semiconductors reproduce the same effect: an
outwards relaxation by 5% increases the positron lifetime
trapped in a Si vacancy by 30 ps. ' On the basis of these
calculations, one therefore expects that in semiconduc-
tors, the various charge states of a vacancy defect corre-
spond to positron lifetimes, which can be experimentally
distinguished (b,r & 10 ps).

At last, there is the question of the positron trapping
by negatively charged ions which may occur at low tem-
perature. Such trapping leads to lifetimes comparable to
the bulk and so can be distinguished from trapping in
vacancy-type defects. If both types of trapping exist
simultaneously, complications may arise in the decompo-
sition of the lifetime spectra. See discussion in Sec.
VII A 1.

found in as-grown and p-type doped GaAs and after an-

nealing above 850 K in n-type GaAs. Third, the lifetime

of 232 ps in p-type and si GaAs is insensitive to the tern-

perature in the range 77—400 K. Fourth, all the decorn-

positions of the positron-lifetime spectra measured above
280 K (Table III, Figs. 4—6) are consistent with the one-

defect trapping model, in which the positron has a bulk
lifetime of 232 ps as calculated from Eq. (7). The decom-

positions below 250 K in Figs. 4-6 are more complicated
because some additional shallow traps are also active (see

Sec. VI A).
The assignment of 232-ps lifetime to the bulk in GaAs

is in good agreement with the values previously proposed
by Dannefaer et al. ' and Dlubek et al. ' The lifetime of
232 ps is quite close to the lifetime of 230+3 ps we mea-
sured for the bulk in Ge ' and longer than the lifetime of
220 ps we measured in Si. We find nearly the same bulk
lifetime in Ge and GaAs, which is expected, since the
nearest-neighbor distance is the same in both crystals and
the atomic numbers are ZG, ——31, ZG, ——32, and Z~s =33
resulting in the same average valence electron density.

A bulk lifetime of about 220 ps has also been proposed
in GaAs by Dannefaer et al. ' This is based on an in-

direct argument. In si GaAs and Zn-doped GaAs, the
authors are able to resolve a long positron lifetime of
about 265 ps, although the average lifetime is also 230 ps,
which is practically the same as we observed. To our ex-

perience, at this level of the average lifetime the spectra
in GaAs are of single component. A lifetime of 220 ps
seems to us to be too low for GaAs on the basis of the
lifetimes found in Si (220 ps) and Ge (230 ps). Calcula-
tions of the bulk lifetimes in semiconductors performed
by Puska et ol. ' yield to the same conclusion for the
following reasons: the GaAs lattice is more open than
the Si one and thus has smaller valence electron density
in the interstitial regions where a positron is confined.
The energy gap of the GaAs is not much different from
that of Si and thus the polarizability of valence electrons
(enhancement effect) is about the same in both lattices.
Theoretical calculations with the same over all enhance-
ment factor for Si, GaAs, and all other III-V compounds
give good agreement with experiments including vb

——232

ps (but not 220 ps) for GaAs.

B. Positron traps P1 and P2 in GaAs

V. POSITRON ANNIHILATION STATES
IN GaAs

In this section, we present the elements which lead us
to attribute the 232-ps lifetime to annihilation in bulk and
the 295 and 258 ps to annihilation in native monovacan-
cies, which may be isolated or probably associated to oth-
er types of point defects.

A. Bulk annihilation in GaAs

The properties which lead us to assign the value of 232
ps to positron annihilation in bulk are the following.
First, the value of 232+3 ps is the minimum single posi-
tron lifetime we have measured in GaAs. Second, it is

The second lifetimes of 258 and 295 ps are 10%%uo and
30% longer than the bulk lifetime of 232 ps. Such long
lifetimes can occur from the annihilation of positrons lo-
calized in vacancy defects.

The lifetime of 295 ps is the longest lifetime found in
as-grown GaAs. It appears in spectra which are resolved
in two components. It corresponds to a positron trap we
call P1. The ratio between this lifetime and the bulk one
(295 ps)/(232 ps) is 1.26. This value is comparable to the
ratio of 1.26 we found in electron irradiated Ge between
the lifetime of 290 ps due to monovacancies and the bulk
lifetime 230 ps. ' This value is close to the ratio of (270
ps)/(220 ps) =1.22 found in Si between the monovacancy
and bulk lifetimes. All these elements lead us to con-
clude that the 295-ps lifetime is due to annihilation in a
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mono vacancy.
The lifetime of 258 ps is found in heavily doped n-type

GaAs at 300 K (Table III) and in medium and lightly
doped n-type GaAs at lower temperatures (Figs. 4—6). It
is close to the values of 258+3 ps that we found after
electron irradiation at high doses. ' ' %e also attribute
the positron lifetime of 258 ps to annihilation in a single
vacancy. The ratio of the 258 lifetime to the bulk life-
time, (258 ps)/(232 ps), is about 1.10. This ratio is lower
than the ratio expected for trapping in monovacancies in
metals from the calculations of Puska and Nieminen.
Ho~ever, it is in good agreement with those expected in
semiconductors from the similar calculations.

Dannefaer and Kerr' have recently attributed the
295-ps lifetime to divacancies (V~, Vo, ) and the 260 ps
one to monovacancies. %e have two comments against
the divacancy interpretation. First, the recent theoretical
estimate for the divacancy is 320 ps. ' Second, the 295-
ps lifetime transforms to the 258-ps lifetime (Figs. 4—6)
which suggests that they originate from a same defect, as
will be discussed in Sec. VII.

C. Nature of the native vacancies

In GaAs, two types of clean vacancies exist due to the
existence of the Ga and As sublattices: the gallium va-
cancy Vz, —As4 and the arsenic vacancy VA, —Ga4. Can
we relate the positron traps P1 and P2 to these two va-
cancies'

The lifetime of 295 ps in P1 can be compared to the
lifetime of 279 ps calculated by Puska et a1. in an ideal
single arsenic vacancy and the lifetime of 258 ps in P2 to
the lifetime of 267 ps calculated in an ideal gallium va-
cancy. However, too little is known about the charge
state and relaxation of the vacancies in GaAs to identify,
on the basis of these calculations, the positron trap P1 to
an arsenic vacancy and P2 to the gallium vacancy.
Furthermore, the lifetimes in vacancies in metals are
rather insensitive to the decoration, i.e., the substitution
of first neighbor atoms by impurities. %'e can expect the
same in semiconductors as far as the charge state is not
changed by the decoration. So, the positron traps P1 and
P2 are arsenic or gallium vacancies, either free or bound
to substitutional defects like impurities or antisites.

Positron trapping in semiconductors is limited to va-
cancy defects with neutral or negative charges. %'e can
take advantage of this property to guide our
identification of the positron traps in GaAs. The charge
states of the gallium and arsenic vacancies are still under
discussion. ' However, among the controversial29, 33—37

models, some seem to agree well with the positron behav-
ior we observed in as-grown and electron irradiated
GaAs. These theoretical ' ' and experimental
works ' propose the following charge states for VA,

36,37

and VG, . VA, has a charge state different in n-type GaAs
than in si GaAs and p-type GaAs; its charge state is posi-
tive in si GaAs and p-type GaAs. VG, has the same
charge state in n-type GaAs and in si GaAs; it is negative
or neutral. These properties of the charge states of V~s
and VG, wiH sustain the identification that we shall pro-
pose in Secs. VI and VII for P1 and P2. Our identifi-

cation does not support the calculations of Bara8' and
Schluter, ' according to which VA, is positive in any
type of GaAs.

VI. POSITRON ANNIHILATION STATES
IN GaAs AND CONDUCTION TYPE

It has been shown in Sec. III that positrons behave
similarly as a function of the temperature in p-type and si
as-grown materials, but exhibit a completely different be-
havior in n-type specimens. In this section, the positron
behavior is separately discussed in p-type GaAs, si GaAs,
and then n-type GaAs.

As previously noted (Sec. III), the measurements of
Dlubek et al. ' at 300 K exhibit the same systematic
trends as ours. The average positron lifetime at 300 K is
always higher in n-type GaAs than in si or p-type GaAs.
The average positron lifetime in p-type and si GaAs is
23022 ps as in our single crystal samples and only one
positron lifetime is resolved. The free decomposition of
the lifetime spectra into two components is easy in lightly
n-type GaAs samples and a lifetime of 295 ps appears in

the spectra. In heavily n-type GaAs, when the carrier
concentration is of the order of 10' cm, the lifetime rz
decreases to 258 ps making the decomposition of the life-

time spectra more difficult. We shall focus on these sys-

tematic trends in Sec. VII after having discussed here the
doping effects on positron lifetime.

A. Bulk annihilation in p-type GaAs(Zn)

The lifetime is 232 ps regardless of the temperature or
the carrier concentration in p-type GaAs(Zn). This
means that there are no positron traps in p-type
GaAs(Zn), since we observe only the 232-ps bulk annihi-
lation; therefore no neutral or negative vacancy defects
are present in the samples, %e conclude that the p-type
GaAs(Zn) samples either contain no vacancy defects or
contain positively charged vacancy defects.

The presence of gallium vacancies in these samples
seems to be excluded since they are negative or neutral in

p-type materials (possibly positive in highly doped ma-
terials). On the other hand, arsenic vacancies are posi-
tively charged in p-type materials and so can be present
in p-type GaAs(Zn). The formation of V~, —Zn complex
has been proposed in p-type GaAs(Zn). If these com-
plexes exist, the positron behavior implies that the arsen-
ic vacancies are positively charged.

Our last comment is that the previous measurements
done on a highly Zn-doped sample by Dlubek et al. ' are
in agreement with our results. The results of Dannefaer
and Kerr' agree with respect to the average lifetime
~=230 ps, but the authors decompose the spectra, which
we find to be of single component.

B. Bulk annihilation in semi-insulating GaAs

The positron behavior in semi-insulating GaAs materi-
als is similar to that in p-type GaAs(Zn). The lifetime
both for doped (In or Cr) and undoped samples is 232 ps
independent of temperature. Negative or neutral vacan-
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cy defects are therefore absent. One can again exclude
the presence of gallium vacancies in the samples, but
nothing can be concluded on the arsenic vacancies, which
in these samples are positive.

The dominant defect in semi-insulating materials is
EL2. Several models have been proposed for EL2. The
models AsG, —As, Aso, —As~„and V~, —AsG, are com-
patible with the behavior of positrons, since these defects
in semi-insulating materials are positive. We recall that
the last model is in disagreement with the EPR measure-
ments of von Bardeleben.

Again, we remark that some previous measurements
performed in polycrystals or single crystals of si GaAs
(Refs. 13 and 16}are consistent with our results and some
are not. ' As we have investigated samples provided by
different laboratories and grown under different condi-
tions, the disagreement reflects rather a discrepancy in
the data analysis and interpretations than an effect of the
sample preparation.

C. Annihilation in monovacancy-type defects in n-type GaAs

In Sec. III it has been shown that in n-type GaAs ma-
terials, the average positron lifetime ranges from 240 to
270 ps depending on the temperature and doping condi-
tions. The annihilation state P1, i.e., the 295-ps lifetime,
appears in n-type GaAs doped by Te or Sn and the an-
nihilation state P2, i.e., the 258-ps lifetime, in n-type
GaAs doped by Te, Sn, or Si. As mentioned in Sec. IV,
positron lifetime is a parameter not very sensitive to the
decoration of the vacancies. Doppler broadening of the
511-keV annihilation line could give some information on
the decoration of the vacancies in doped GaAs.

A priori, we will retain the statement that the existence
of native monovacancies is only slightly affected by the
nature of the donor Te, Sn, or Si. In agreement with this
statement, the 295-ps lifetime has been also previously
found at room temperature in undoped but lightly n-type
GaAs by Dlubek et al. ' and by Dannefaer et al. '

If we assume that the decoration of single vacancies
has little effect on the position of their charge transition,
the positron P1 and P2 may contain gallium vacancies or
arsenic vacancies, since they are both neutral or negative
in n-type materials (see Sec. IV C). For a further
identification of the defects P1 and P2, we turn to the
conditions under which the two annihilation states 295
and 258 ps exist.

VII. NATIVE VACANCY DEFECTS IN n-TYPE GaAs

In n-type GaAs materials, the existence of the 295- and
258-ps annihilation states depends on the temperature
and the doping level of the materials (see Sec. III). In our
analysis of the positron behavior, we will distinguish
three levels of doping: light (n =10' cm ), medium
(n=10' cm }, and heavy (n =10' cm ). We will
show that the temperature effects, the annealing effects,
and the irradiation effects suggest that the 295- and 258-
ps annihilation states correspond to two configurations of
a same native defect.

A. Temperature effects

In the lightly Te- and Sn-doped specimens, the temper-
ature has a surprising effect on the positron behavior: the
average lifetime goes through a maximum at about 200 K
and the lifetime spectra are decomposed in difFerent ways
below and above the maximum. When the doping level
increases, the temperature effects become smaller and al-
most disappear in heavily n-type doped GaAs (Figs. 1 —6
in Sec. III B}.

l. As-grown n typ-e GoAs(n: 10t6 cm s)

The temperature effects in GaAs(Te: 1.5X10' ) and
GaAs (Sn: 1 X 10' ) (Figs. 4 and 5) are very similar.

Between 280 and 400 K, the 295-ps lifetime component
due to the vacancy defect P1 is resolved in the spectra of
both samples. The positron trapping model with one

type of defect is well fulfilled in this temperature region.
The vacancy defect P1 is the major positron trap between
280-400 K in both samples. The trapping into the va-

cancy defect P1 decreases with increasing temperature:
Figs. 4 and 5 show that the intensity I2 of the lifetime

295 ps decreases and the lifetime v& increases strongly

with increasing temperature. At 400 K the average life-

time has reached almost the bulk level. This means that
the trapping into the defect P1 disappears in a reversible

way and is gradually replaced by bulk annihilation at
high temperatures.

Below 280 K in GaAs(Te: 1.5 X 10' ) and below 2QQ K
in GaAs(Sn: 1X10'6) the lifetime r2 decreases continu-
ously with decreasing temperature from about 295 to 258
ps at 100 K. This shows that the positron trap P1 is re-
placed at 100 K by the positron trap P2. The one-defect
trapping model ceases progressively to be valid below 280
K, and the lifetime r, takes higher values than the ones
calculated in the one-defect trapping model. At low tem-
peratures the decomposition of the spectra becomes
diScult, because the difference between 7~ and ~z de-
creases. Lifetime measurements in other n-type GaAs
samples between 20—100 K (Refs. 12 and 25) have re-
vealed that v& approaches to the bulk value of 232 ps
when the temperature decreases. This increase is corre-
lated to a strong reduction in the positron diffusion
length measured using a slow positron beam. These
two facts indicate that there are additional shallow posi-
tron traps, most probably negative ions, which due to the
weak binding of positrons are active only at low tempera-
tures. The annihilations from the shallow traps are
mixed into the first lifetime component ~„whereas the
second lifetime ~2 is purely due to vacancy defects.

2. As-grown n type GaAs(n: 1-0 cm 3)

At the medium doping level the maximum in the aver-
age lifetime is less pronounced than at the light doping
level (Fig. 2). The decomposition results of GaAs(Sn:
10' ) (Fig. 6) are interesting. They show that r2 presents
also a transition from values of about 258 ps to values of
about 295 ps when the temperature is increased. Again
at low temperatures from 80 to 250 K we find the defect
P2 (258 ps), and well above room temperature at 400—500
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K the decomposition seems to give partially the defects
Pl (295 ps). This is the same behavior as found in lightly
doped n-type GaAs in Figs. 4 and 5, but the transition of
~2 has now shifted to higher temperatures. Between
280—400 K trapping into the defect P2 competes with
trapping into the defect P1 at medium doping level when
only trapping into the defect P1 is seen at light doping
level.

3. As grow-n n typ-e GaAs(n: 10' cnt s)

The temperature effects in the heavily n-type doped
samples are small. The average lifetime in Fig. 3 changes
only a few ps. The defect P2 (258 ps) is found at 300 K
(Table III). All the spectra measured below 300 K can be
decomposed by fixing v2

——258 ps and no evidence of the
defect P2 (295 ps) is found. The defect P2 is responsible
for the positron trapping at all temperatures and dom-
inates entirely the positron trapping at room tempera-
ture.

4. Summary

In the lightly doped n-GaAs(n: 10' ) samples the posi-
tron trapping is dominated by the defect P2 (258 ps) at
low temperatures and by the defects Pl (295 ps} at high
temperatures. From 100 to 200 K there is a reversible
equilibrium between the trapping by P1 and P2. Above
300 K the trapping by Pl is gradually replaced by bulk
annihilation.

At medium doping level of n =10' cm the defect P2
is found between 80 and 250 K and the transition from
P2 to P1 is shifted to above room temperature.

At high doping level of n =10' cm only the defect
P2 is found to trap positrons. To explain the reversible
equilibrium of the trappings by P1 and P2 we will consid-
er two models in the next section.

B. Lifetime transition 258 ps —+295 ps and Fermi level

The reversible equilibrium between the annihilations in
the monovacancy-type defects P2 (258 ps) and P 1 (295 ps)
may reflect two situations, one in which the defects P1
and P2 coexist at all temperatures, or the other in which
P2 replaces P1 at low temperatures. We have to distin-
guish each of them to discuss the origin of the equilibri-
um F2~Pl.

In the first model, P1 and P2 are two distinct
monovacancy-type defects present at all temperatures.
The equilibrium between the annihilation states P2 and
P1 results from the different temperature dependence of
the specific trapping rate in P1 and P2.

In the second model, the defects P2 and P1 are two
configurations of a same monovacancy defect. There is a
reversible equilibrium between these two configurations,
which depends on temperature and doping level. The
configuration P2 is stable at lower temperatures, whereas
the configuration P1 is stable at higher temperatures.

We have to examine now, which model is consistent
with the other properties of the defects P1 and P2 that we
determine from the results in Sec. III. These properties,
that we will discuss below, can be summarized as follows:
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FIG. 9. Fermi-level position as a function of temperature

Te-doped n-type GaAs. The concentrations given in the figure
correspond to carrier concentrations at 300 K.

(i) the trapping into Pl and P2 begins to disappear in the
same annealing temperature region of 700—800 K (see
Secs. III and VIID); (ii) the trapping into Pl and P2
disappear after electron irradiation when the dose is
sufficient to compensate the materials (see Sec. III and
VII E};and (iii) the trapping into Pl is shifted to higher
temperatures when doping level increases and only the
trapping into P2 exists in GaAs(n: 10' ) (see Secs. III and
VII A}.

On the basis of the properties (i) and (ii), we eliminate
the first model. We retain the second one in which a na-
tive vacancy defect gives rise to two configurations P1
and P2 in n-GaAs(10' }.

The property (iii) suggests that the respective ex-
istences of Pl and P2 are related to the position of the
Fermi level. The reversible equilibrium between the trap-
ping by Pl and P2 in n-type doped GaAs (10' and 10' )

is governed by the position of the Fermi level. It appears
to be temperature dependent, because the position of the
Fermi level moves with temperature and crosses the ener-

gy level, where the configuration P2 transforms into the
configuration P1. In Fig. 9, we have plotted the variation
of the Fermi level EF as a function of temperature in n-

type GaAs at concentrations n =10', 10', and 10'
cm . In the calculation, only one donor level at Ec—3
meV is used, and the concentrations correspond to car-
rier concentrations at 300 K. The lower the doping level
is, the faster the Fermi level decreases below the conduc-
tion band E& with increasing temperature. At 400 K in a
sample with n =10' cm the Fermi level drops down to
EF——E~ —0.15 eV.

The transition P2~P1 (258~295 ps) occurs between
100 and 210 K in Figs. 4 and 5 and between 250 and 500
K in Fig. 6, i.e., when the Fermi level drops from
Ec—0.02 eV to about E&—0.05 eV. In Fig. 10 we have
plotted the lifetime ~2 as a function of the Fermi-level po-
sition Ez EF in —GaAs(Te: 1.5 X 10'6}, GaAs(Sn:
1 X 10' ), and GaAs(Sn: I X 10' ). In all these three sam-
ples the transition P2 —+Pl (258 —+295 ps) occurs at the
same position EF=E&—0.035+0.015 eV. The width of
the transition is in agreement with the Fermi function
describing the level population, and it is wider in
GaAs(Sn: 1X 10' ) because of the higher transition tem-
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FIG. 10. Transition of the positron lifetime ~z at the vacancy
as a function of the Fermi-level position in the energy gap. The
solid lines illustrate the Fermi distribution between the two an-
nihilation states corresponding to lifetimes ~2 ——258 and ~2 ——295
ps, respectively. The dashed line indicates the position of the
vacancy ionization level at Ez —0.035 eV.

perature. The defect P2 (258 ps) is thus the stable
configuration when the Fermi level is close to the conduc-
tion band. This is also consistent with the results of the
heavily n-doped GaAs(n: 10' ) samples. As mentioned
earlier (Sec. VIIA3), at any temperatures only 258-ps
lifetime has been found in these samples for trapped posi-
trons. According to Fig. 9, at n =10' cm the Fermi
level remains inside or very close to the conduction band
and well above E& —0.03S eV so that P2 is the stable
configuration at any temperature.

C. Native monovacancies in n-type GaAs

We have arrived at the conclusion that the native va-
cancy involved in P2 and P1 presents two configurations
in the upper half of the gap. The transition between the
two configurations occurs at the Fermi-level position
Ez ——E& —0.035 eV. We have to examine now whether
this property can be satisfied by V~, or VG„ the two pos-
sible identifications for a native vacancy in GaAs.

In the literature, various works indicate that the arsen-
ic vacancy presents several charge states in the
gap, ' ' ' although exceptions also exist. ' The es-
timated ionization levels fall in the energy range where

the Fermi level moves between 100 and 250 K in GaAs(n:
10' ). In particular, it has been proposed that a charge-
state transition occurring at about or below E&—0.02 eV
corresponds to —~0 (Ref. 33) and more recently, to
2 —~—.' So, by assuming that the native vacancy
defect in n-type GaAs involves VA„we can consistently
explain the transition F2~Pl by the charge-state transi-
tion 2 —~—(or —~0). The transition 2 —~—(or
—~0) induces a strong rearrangement of the lattice
around the vacancy, since the lifetime increases from 258
to 295 ps. This rearrangement may reflect that, as ex-
pected, the Jahn-Teller distortions affecting V~, and V~,
have different symmetry. By comparison with the silicon
vacancy, a distortion of tetragonal symmetry is expected
in VA, and a mixed symmetry, tetragonal plus trigonal in

V~, . The lifetime is longer in the less negative vacancy
meaning that the nearest-neighbor atoms are more dis-
tant from the center possibly due to tetragonal distortion.
Recent calculations ' show that a 5% breathing relaxa-
tion in the tetragonal mode is suScient to increase the
positron lifetime of about 30 ps.

There is common agreement ' that the gallium
vacancy keeps the same charge state in the upper half of
the gap but presents an instability of the ionic
configuration. The configuration VG, is stable when the
Fermi level is high in the gap and is relaxed to the
configuration V~, —Aso, in semi-insulating materi-
als. ' The exact position of the Fermi level for this
transition is not known. ' ' The assumption that the
native vacancy defect in GaAs involves VG, implies that
the transition F2~Pl located at Ez —0.03 eV corre-
sponds to VG, V~, —As&, . This identification gives a
shorter lifetime in the gallium vacancy than in the arsenic
vacancy, which reproduces the trends of Puska's calcula-
tions. It assigns to the instability of VG, an energy lev-
el which is high in the gap as it is suggested by von Bar-
deleben et al. , but higher than calculated by Baraff and
Schluter. ' Here, the transition level is close to the
ionization level of the charge transition of the arsenic va-
cancy 2 —~—,which suggests that the instability
VG, ~V„,—As&, is induced by this charge-state transi-
tion.

Two consequences of the above identifications are
worth noting. First, both cases imply that the native va-
cancy defects are electrically active. Second, in both of
them, the defect Pl (295 ps) involves an arsenic vacancy.
If the native intrinsic defects seen in lightly Te- and Sn-
doped samples are also present in semi-insulating materi-
als, one can understand why positrons do not see them:
arsenic vacancies are positive in semi-insulating materials
and therefore unable to trap positions, in agreement with
the absence of positron trapping found in semi-insulating
and p-type materials.

At last, we have to explain why in n GaAs(n: 10'-) the
configuration P1 ceases completely to trap positrons
above 3SO K. The reversible transition 29S~233 ps may
be a Fermi controlled one. If we assume that this transi-
tion is due to a charge change of the native vacancy de-
fect, we can calculate the position of the ionization level
from -the temperature variation of the positron trapping
into the defects Pl (295 ps). In Fig. 11 we have plotted
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FIG. 11. Disappearance of the positron trapping as a func-
tion of the Fermi level. The solid lines illustrate the Fermi dis-
tribution between the two annihilation states corresponding to
lifetimes ~2 ——295 ps (trapping to vacancies) and ~b ——232 ps (no
positron trapping). The dashed line indicates the position of the
vacancy ionization level at E&—0.10 eV.

the positron trapping rate as a function of the Fermi-level
position in GaAs(Te: 1.5X10' ) and GaAs(Sn: 1X10' ).
The trapping rates have been calculated from Eq. (8) us-

ing the results in Figs. 4 and 5 between 250 and 400 K.
The widths of both transitions are again comparable to
that of the Fermi function and the transition is centered
at EF——0. 10+0.02 eV. This value is close to the ioniza-
tion level of E&—0.145 eV, where Pons and Bourgoin
have proposed that the arsenic vacancy would undergo
the charge transition —~0, and higher than that of
E& —0.180 eV given by Loualiche et al. The recent
theoretical level for the transition Vz, ~Vz, calculated
by Puska ' using the linear-muffin-tin-orbital (LMTO)
Green's-function method is 0.220 eV. By ascribing the
transition 295~233 ps to the charge transition
V~, ~VA„we arrive at the conclusion that neutral ar-
senic vacancies are much less effective positron traps than
the negatively charged ones.

D. Annealing of as-grown n-type GaAs

The annealings of GaAs(Sn: 1.6 X 10' ), GaAs(Te:
1.5X10' ), and GaAs(Te: 2X10' ) shown in Figs. 7—8
(Sec. III C) indicate that the defect Pl disappears above
700 K. This temperature range is well above the migra-
tion temperature of the arsenic interstitial, presumed to
be around 500 K and of the gallium interstitial presumed
to be around 4 K. Consequently, this stage is not due to
the recombination of Frenkel pairs. Recent EPR mea-
surements under photoexcitation by von Bardeleben
et al. have shown that a new EPR signal is generated in
semi-insulating GaAs after annealing at T &720 K. The

authors correlate the appearance of this new signal to the
possible injection of mobile As interstitials in the lattice
from As precipitates anchored near dislocations and dis-
solved by annealing at T & 720 K. If such a mechanism
occurs also in lightly doped n-type GaAs, the recombina-
tion reaction of the interstitials with the vacancy defects
explains the presence of the 700-K annealing stage ob-
served by positron annihilation in n-type materials.

In lightly doped n-type GaAs materials, we have pro-
posed two alternative structures for the defect P1, either
V~s or V~s —AsG, . Let us remark that the recombina-
tion of these structures with interstitials leads to different
defects. The reaction (V~, +As;) leads to the vanishing
of V~, vacancy defects while the reaction (V~, —Aso,
+As;) leads to the formation of Aso, antisite defects.
Now let us assume that the defect P1 exists also in semi-
insulating material. It is then positively charged and thus
not seen by positrons. If the structure of Pl involves

Vz, —AsG„we arrive at the conclusion that the EPR
spectrum due to single antisites appear. According to
Ref. 43, such signals do not appear: the EPR signals due
to the Aso, (x = + ) arise from As; —Aso, pairs before
heating at 720 K and remain unchanged in semi-
insulating material after heating above 720 K. This gives
us an argument, although not very direct, to support the
model in which the defects P1 are arsenic vacancies rath-
er than gallium vacancies.

Measurements performed at 100 K show that the life-
time has decreased also to 231 ps after annealing at 800
K. The defect P2 has also disappeared. We have pro-
posed for the defect P2 the structure VA, or VG, . Its
recombination with interstitials will lead to a new defect
only in the case of Vo, . This new defect will be the an-
tisite without decoration by an arsenic interstitial.
Again, reasoning as above, we arrive at the conclusion
that in semi-insulating materials the spectra of the an-
tisites must change. This is, however, not observed ac-
cording to Ref. 43. We therefore conclude that the de-
fects P2 are also arsenic vacancies rather than gallium va-
cancies.

E. Irradiation effects in n-type GaAs(n: 10' cm )

In Table IU, after 300-K irradiation at a dose sufficient
to compensate the lightly doped samples, the lifetime at
300 K has decreased and reached values about 233+1 ps.
This means that the initial native vacancy defects P1
cease to trap positrons after irradiation. The same is ob-
served for measurements done at 100 K and thus the ini-
tial vacancy defects P2 cease also to trap positrons. This
means that when the trapping by the defect P1 disap-
pears, the trapping by the defect P2 disappears. Again
P1 and P2 exhibit similar properties, which supports fur-
ther the conclusion that they are related to the same na-
tive vacancy defect.

We attribute the disappearance of positron trapping
after irradiation to the change of the charge state of the
defects due to compensation and this wil1 be discussed
elsewhere. The positron traps become positive involv-
ing VA+, .
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F. Concentrations of the defects P1 and P2

TABLE V. Total trapping rates ~ at 300 K and concentra-
tions c of the defects P1 and P2 in Te-doped GaAs samples
when one type of defect (P1 or P2) is trapping positrons. The
bulk lifetime is taken equal to 232 ps and a specific trapping rate
of 6&10 s ' cm is used.

Sample Trap c (cm ')

GaAs(Te. 1.5)&10' )

GaAs(Te: 5.0X 10")
P1, 295 ps
P2, 258 ps

1.3 g 10'
1.1&&10'

2~ 10"
2X10"

In the framework of the trapping model, we can calcu-
late the total trapping rates into the defects Pl or P2
from Eq. (6) (Sec. VI C). In Secs. VII A —C we have seen
that P1 and P2 are negatively charged, their charge being
—for P1 and 2 —for P2. In order to calculate the con-
centration of native monovacancies giving rise to P1 and
P2, we take a specific trapping rate per defect P1 and P2
equal to 6)&10 s ' cm . The concentration of na-
tive monovacancies obtained in this way and given in
Tab1e V is overestimated, since it has been seen in Sec.
IV B that the specific trapping rate is probably higher in
negatively charged defects. In addition, the specific trap-
ping rate into the defect P2 is probably higher than that
into the defect P1, since the defect P2 is more negative
than the defect P1.

To obtain the concentrations of native vacancy defects,
we have to correct by a factor of about 2 the concentra-
tions of defects P1 to compensate their disappearance in
the transition 295~232 ps taking place at 300 K in light-
ly n-type doped samples (Sec. VII A 2). Such a correction
is not necessary for the defects P2 because at 300 K in the
heavily n-type doped samples, the Fermi level is still in
the conduction band and so far from the transition
P2~P1. We found the concentrations of native monova-
cancies of the order of 10' cm . Such concentrations
are of the order of the values determined by x-ray
diffraction for the nonstoichiometric defects but they
are higher than the defect concentrations of 5X10'
cm measured by deep-level transient spectroscopy
(DLTS) for electron trap defects. In our model, the na-
tive monovacancies are electrically active but apparently
not directly detected by DLTS. This is consistent with
the results of Bol'Cheva et a/. , who studied by DLTS
the evolution of the electron traps as a function of the
concentration and nature of the donors. They concluded
that intrinsic native defects must exist in high concentra-
tions (10' —10' cm ) in order to explain their results.

A question to elucidate is, why techniques like the
deep-level transient spectroscopy (DLTS) and the deep-
level optical spectroscopy (DLOS) do not detect in as-
grown n-type GaAs the vacancy defects which are found
in electron irradiated samples. ' From the point of
view of positrons, the defects in as-grown n-type GaAs
give rise to lifetimes quite similar to the vacancy defects
introduced by electron irradiation. A reason may be
that DLTS and DLOS are more sensitive to the
differences in the decoration of the vacancies than posi-

tron lifetime data. Positron lifetime reflects the open
volume of a defect and is thus rather insensitive to its sur-
rounding.

Several models involving vacancies have been proposed
for the major deep level EL2 in GaAs. ' ' In particular,
Wager and Van Vechten have proposed a model for
EL2 based on the positron-lifetime data of Dannefaer
et al. ' in which EL2 is a divacancy-arsenic-antisite de-
fect giving rise to the 295-ps lifetime that we have also
detected in n-type GaAs. However, we believe that there
is no strong experimental support to attribute the 295 ps
to a divacancy VA, —Vz, rather than to a monovacancy.
Moreover, the analysis of our positron data shows that a
model, which attributes the 295-ps lifetime to EL2, im-
plies new properties of EL2. First, EL2 presents a
configuration change, which takes place without photoex-
citation and which is controlled by the position of the
Fermi level. Second, it is from the 258-ps configuration
presenting the highest electronic density in the vacancy,
from which the photoexcitation in a metastable
configuration is observed. Third, the 258-ps configura-
tion must involve, in addition to a vacancy, the arsenic
antisite which is believed to be a major component of the
structure of EL2. ' Fourth, since the 258-ps
configuration is the stable one when the Fermi level is
high in the gap, the disappearance of AsG, antisites re-
ported by Lagowski et al. when the donor concentra-
tion increases must be due to a donor effect rather than to
a Fermi-level effect on the stability of EL2.

VIII. CONCLUSION

In this paper, information on the native vacancy de-
fects in gallium arsenide has been extracted from a sys-
tematic study of the positron-lifetime spectra in various
types of GaAs materials. It has been shown that a
coherent picture of the positron response emerges when
its annihilation characteristics are correlated to the posi-
tion of the Fermi level.

Positrons give a direct evidence of the existence of neu-
tral or negative native vacancy defects in n-type materi-
als. In p-type and semi-insulating GaAs, positrons do not
detect native vacancy defects. Two explanations are pos-
sible: the concentration of the native vacancy defect is
lower than 10' cm or their charge is positive.

In n-type materials, two types of monovacancy defects
are detected. The monovacancies are isolated or associat-
ed to donors or to intrinsic point defects. Their proper-
ties are shown to fit well a model in which their stability
is governed by the position of the Fermi level. It is pro-
posed that the transition between the two defects corre-
sponds to the charge transition of the arsenic vacancy
VA. VA..

The stable configuration when the Fermi level is high
in the gap above Ec—0.035 eV, gives rise to a lifetime of
258+3 ps. It is proposed to involve an arsenic vacancy
V~, . When the Fermi level goes below E& —0.035 eV,
this configuration is transformed to a new one involving

Vz, and giving rise to a lifetime of 295+3 ps. The in-
crease of the trapped positron lifetime indicates that the
charge transition V~, ~ VA, induces an outwards relaxa-
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tion of the lattice around the vacancy. The VA,
configuration ceases to trap positrons when the Fermi
level moves below Ez —0.10 eV. This is suggested to cor-
respond to the transition VA, V~. Both VA, and V~,
configurations disappear after annealings about 750 K.
They disappear also after electron irradiation at 300 K
when the samples are compensated. We have also dis-
cussed the transition 258~295 ps in a model based on
the two configurations of the gallium vacancy, V&,~V~, —AsG„which we, however, consider less likely.

Within a simple scheme, in which the same native
monovacancy-type defect VA, exists in p-type, semi-

insulating, and n-type materials, we are able to explain all
aspects of the positron trapping behavior. The charge

state of VA, changes as a function of the Fermi-level posi-
tion. It is positive in p-type and semi-insulating GaAs,
but neutral, single, or double negative in n-type GaAs.
Ho~ever, positron lifetimes do not indicate, whether VA,
is isolated or bound to another defect or impurity.
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