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Positron-lifetime experiments have been performed in Zn-doped p-type and undoped semi-insulating
GaAs in the temperature range 20-300 K to investigate native point defects. In p-type materials with
hole concentrations of 10"°~10" cm ™3, no evidence of positron trapping is observed. The temperature
dependence of the positron lifetime can be explained in terms of lattice expansion associated with
positron-phonon coupling. Therefore, we ascribe it to delocalized positrons. In semi-insulating GaAs,

-3,

two kinds of acceptors are detected with concentrations in the range 10'°~10'" cm™3: gallium vacancies
and negative ions. The temperature dependence of the positron trapping at the Ga vacancy exhibits a
slope break at about 130 K. A weakly bound Rydberg-like precursor state is invoked to explain this

temperature dependence.

I. INTRODUCTION

Native point defects introduce ionization levels in the
back gap of semiconductors and interact with free car-
riers. Therefore, they have a strong influence on the elec-
trical and optical properties of the materials. In undoped
semi-insulating (SI) GaAs, the As-antisite-related EL2 de-
fect, which as midgap donor can compensate the accep-
tors and pins the Fermi level at midgap, has been exten-
sively studied, due to its technological importance.!
However, the role of the other elementary defects such as
vacancies is not clearly known because their
identification is difficult. Very few experimental methods
can provide direct information on the microscopic struc-
ture of the defects.

Because of its sensitivity to open volumes, charge
states, and concentrations of the defects, positron annihi-
lation is a powerful method to study vacancy-type defects
in semiconductors.? Positrons are repelled by positive
ion cores and positive vacancies, but they can localize at
negative or neutral vacancy-type defects. The electron
density at vacancies is reduced compared to the bulk.
Therefore, the lifetime of trapped positrons is longer than
that of positrons delocalized in the lattice. In n-type gal-
lium arsenide, positron-lifetime spectroscopy has revealed
As vacancies in the neutral or negative charge state, de-
pending on the carrier concentration.> The vacancies’
concentration was estimated to be about 10'~10'7 cm ™3,
In addition, negative ions were shown to trap positrons at
Rydberg states at low temperatures. p-type materials
were also studied, and no sign of positron trapping at va-
cancies was observed.3 The lifetime which was measured
was the lowest for GaAs, 232 ps at 300 K, and very close
to the theoretical value for delocalized positrons, 229 ps.*
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It was thus attributed to positrons delocalized in the lat-
tice. Much less study concerned semi-insulating sub-
strates.

To investigate the role of vacancies in semi-insulating
gallium arsenide, we have performed positron-lifetime ex-
periments in various undoped SI GaAs substrates. As
the positron-trapping rate calculation relies on the pre-
cise determination of the positron lifetime in the lattice
and at defects, we have also performed measurements in
heavily p-type doped materials to determine the positron
lifetime in the lattice, 7,(7), more accurately and at
lower temperature than previously.>

We show in this paper that the temperature depen-
dence in heavily p-type gallium arsenide can be explained
in terms of thermal expansion and positron-phonon cou-
pling. Such a dependence is characteristic of positrons
delocalized in the lattice. We give evidence that posi-
trons are trapped at negative vacancies, identified as Vg,
vacancies, and at negative ions in SI GaAs substrates.
The positron-trapping coefficient at negative vacancies
has a temperature dependence which can be explained by
the two-stage positron capture model, via a Rydberg-like
precursor state.” We detect gallium vacancies in the
range 1013-101¢ cm 3. These concentrations are close to
those of acceptors and EL2 defects, indicating that they
indeed play a role in the compensation wnechanism of un-
doped SI GaAs.

II. CRYSTALS, EXPERIMENTAL DETAILS,
AND DATA ANALYSIS

A heavily p-type Zn-doped crystal was chosen with a
carrier concentration equal to 10" cm ™3 at 300 K. This
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TABLE 1. The SI GaAs samples studied in this work, their neutral and total EL2 concentrations as
calculated from infrared-absorption measurements, and their positron lifetimes at 20 K and room tem-

perature.
Total [EL2] [EL2°] EL2* 7 at 300 K 7 at 20 K 7, at 300 K

Crystal Supplier (cm™3) (cm™3 fraction (ps) (ps) (ps)
SI-GaAs No. 1 MASPEC 3.00X10' 2.6X10'% 13% 234.91+0.8 240.210.8 260x10
SI-GaAs No. 2 MASPEC 2.30X10'* 20X10' 13% 235.4+0.8 242.8+0.8 258+5
SI-GaAs No. 4 J. Matthey 1.04X10'¢ 97X 10% 7% 235.4+0.8 239.6+0.8 255t6
SI-GaAs No. 3 MASPEC 1.10X10' 1.0Xx10' 9% 236.5+0.8 243.6+0.8 265+4
SI-GaAs No. 7 MCP not meas. 1.0x 10! 237.0£0.8 237.5+0.8 254+£5
SI-GaAs No. 6 J. Matthey 1.20X10'® 92X10' 23%  237.4+0.8 238.6+0.8  260+5
SI-GaAs No. 5 J. Matthey 1.04X10'® 9.1X10' 12%  237.5+0.8 241.4+0.8 2535
SI-GaAs No. 8 Paderborn 2.20X10'® 1.8X10'% 18% 240.7+0.8 240.1+0.8 259+4

concentration is very high, so that the Fermi level lies
very close to the valence band. In that case, most of the
ionization levels are depopulated and, thus, fewer defects
are expected to trap positrons.

Eight pairs of samples (Nos. 1-8) of dimensions
5X5X0.4 mm?, were cut from undoped SI GaAs wafers
obtained from different suppliers (Johnson Matthey,
Maspec, etc) and grown by the liquid-encapsulated Chro-
zalski (LEC) method. Pair No. 8 was grown by the hor-
izontal Bridgman (HB) method. Their total and neutral
EL2 concentrations were measured using Fourier trans-
form infrared (FTIR) absorption. They vary from
7X 10" to 3X10'® cm™3 with EL2" fractions varying
from 7% to 23%. All these data are tabulated in Table I.

The positron-lifetime spectra were recorded in dark-
ness as a function of measurement temperature from 20
to 300 K, by using a fast-fast coincidence spectrometer
with a full width at half maximum (FWHM) of 220 ps.>
About 2.10° counts were collected for each spectrum.
After source and background corrections, the lifetime
spectra were analyzed with one or two exponential com-
ponents. The average lifetime, calculated as =3 ; I; 7}
from the decomposed lifetimes 7} and their intensities I;,
coincides with the center of the mass of the 'ifetime spec-
trum and is determined with a high accuracy of +0.8 ps.

From the data 7, 7} and I;, we determine the lifetimes
associated with the different annihilation states using the
conventional trapping model:?> the bulk lifetime 7, asso-
ciated with delocalized positrons, and the lifetimes 7,; as-
sociated with the defects di which trap positrons. The
average lifetime can be expressed as

F=forot 2 faiTai > (1)

where f; are the annihilation fractions in the different an-
nihilation states. The trapping rate K, at a defect di is
proportional to the concentration Cj of the defect:
K;=p ;Cy, where py is the positron trapping
coefficient at the defect. The trapping rates K ; can be
determined using the trapping model, as well as the an-
nihilation fractions f;, from the average lifetime 7, from
the lifetimes in bulk 7,, and at defects 7,. The detection
of lifetimes longer than 7, is the fingerprint of vacancy-

type defects.

III. POSITRON LIFETIME IN p-TYPE GaAs

A. Experimental results

In p-type GaAs, the lifetime spectra that were regis-
tered are one component, at all temperatures from 15 to
300 K. As seen in Fig. 1, the positron lifetime shows a
plateau at low temperatures with a positron lifetime equal
to 231.8+0.8 ps. Above 175 K, the positron lifetime in-
creases as a function of temperature and reaches the
value 232.710.8 ps at 300 K. A linear fit to the experi-
mental lifetime in this region 175-300 K gives the result
7=229.7 ps+(0.012 ps/K)[T(K)—175]. In Fig. 2, this
behavior is compared to the data obtained in the previous
work on three more lightly doped crystals, with carrier
concentrations ranging from 5.4X10'® to 2 X 10'® cm 3.
The four points measured below 175 K for these crystals
are scattered around the plateau value. Those measured
above 175 K can be fitted by the same linear expression
that we obtain for the crystal p-type GaAs (10" cm™3).
We conclude that the temperature dependence of the pos-
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FIG. 1. Positron lifetime as a function of temperature in p-
type Zn-doped GaAs with a carrier concentration p=10"
cm ™3, Solid lines are linear fits of the experimental lifetime.
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FIG. 2. Comparison between the positron lifetime measured
in the crystal p-type GaAs (Zn: 10" cm™3) and measurements
made in three less-doped crystals (Ref. 3).

itron lifetime is the same in the four p-type crystals with
carrier concentrations ranging from 5.4X10!® to 10'°
cm’™

B. Annihilation of positrons delocalized in the lattice

Positrons annihilate in p-type GaAs with lifetimes
which from 20 to 600 K, indegendently of hole concen-
trations ranging from 5.4 X 10! t0 2X 10'® cm 3, and are
the lowest we measure in p-type materials. For such a
range of temperature and hole (and consequently Zn)
concentrations, if there is positron trapping one expects
the fraction of trapped positrons to change. It follows
that the lifetime of positrons, if they are trapped, is the
same as in the delocalized state. There is consequently no
evidence of positron trapping at vacancy-type defects.
We can also conclude that if trapping at Zn acceptors
takes place, it gives rise to the same lifetime as in the
delocalized state. The temperature dependence is in-
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dependent of hole (and consequently Zn) concentrations
in p-type GaAs, and so reflects an intrinsic property of
GaAs. To study if the temperature dependence of the
positron lifetime in p-type GaAs can be ascribed to delo-
calized positrons, we have compared it to that of the lat-
tice expansion. When the temperature increases
sufficiently, the lattice expands and the electron density
decreases. The positron-annihilation rate A=1/7 is pro-
portional to the electron density, and thus inversely pro-
portional to the crystal volume.> A theoretical value for
the delocalized positron lifetime can then be written as®

al

Ta =
T GuN,

(2)

where a3 is the volume of the cubic cell, N, is the number
of electrons in this volume, o is the cross section of the
e t-e ™ annihilation, and v is the e * velocity relatively to
the electron. The changes of the cell parameter a are ob-
tained from the thermal-expansion coefficient values
given in Ref. 6. Figure 3 shows that the two parameters
ATeyp/Texp and Aa?/a® present the same plateau at low
temperatures, and that both increases as a function of
temperature above 200 K. However, the experimental
lifetime parameter increases more strongly. This
difference can be explained if we take into account the
positron-phonon coupling. According to Stott,” lattice
vibrations play a role in the positron distribution by tem-
porarily expanding the interstitial spaces. The duration
of these momentary expansions is long enough for posi-
trons to annihilate, so that the electron density seen by
positrons is lower than that due only to the continuous
thermal expansion of the lattice.

We conclude that the temperature dependence of the
positron lifetime can be explained in terms of thermal di-
latation and positron-phonon coupling, and therefore is
characteristic of that of positrons delocalized in the lat-
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FIG. 3. Comparison between the thermal expansion of the
lattice (cubic cell parameter a) and the increase of the positron

lifetime 7 in p-type GaAs (Zn: 10" cm™3). The dashed line is a
guide for the eyes.
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tice. In the following, a lifetime 7,=231.8 ps will be
used for trapping rate calculations at temperatures lower
than 175 K. For temperatures greater or equal to 175 K,
the expression of the linear fit in Fig. 1 will be used to
determine 7.

IV. POSITRON LIFETIME IN SI GaAs
A. Experimental results

The average positron lifetime 7 in the SI GaAs crystals
varies from 237 to 246 ps at 20 K and from 235 to 241 ps
at 300 K (see Table I). For five of the eight crystals, Nos.
1-5, the average lifetime 7 decreases continuously from
20 to 300 K, as shown in Fig. 4. For the three others,
Nos. 6-8, 7 goes through a minimum in the temperature
range 50-100 K and then tends to level off between 100
and 300 K. Regarding the lifetime spectra decomposi-
tions shown in Fig. 5, the crystals can be divided in two
groups. In the first group of four crystals, including Nos.
1-4, the longest exponential component 7, is constant
from 20 to 300 K with the value 258+5 ps. In the second
group of four crystals, including Nos. 5-8, the decompo-
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FIG. 4. Average positron lifetime measured in darkness as a
function of temperature in eight SI GaAs crystals. Solid lines
are guides for the eyes.
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FIG. 5. Typical behavior of the long component 7, as a func-
tion of temperature in two different types of crystals.

sition is impossible from 20 K to about 100-150 K,
whereafter it is easier. The lifetime 7, is then constant
with a value 2585 ps.

B. Positron trapping at negative vacancies

The average positron lifetimes 7= f(T) are all above
the values 7, =f(T) determined in p-type crystals and
characteristic of annihilation in the lattice. This indi-
cates that positrons are trapped at vacancy-type defects.
We thus attribute the lifetime of 258 ps to vacancy-type
defects. A lifetime of 7, =250-260 ps is typical for trap-
ping at the open volume of a monovacancy.® It can be
shown? that the one-defect trapping model is valid when
the expression 1/7,=1I,/7,+1,/7, calculated from the
decomposition of the spectra satisfies the equality
1/7,=1/7,. This is the case from 20 to 300 K for crys-
tals Nos. 1-4, and only for temperatures close to 300 K
for crystals Nos. 5-8. The positron-trapping rate at the
detected monovacancy, K, can be calculated at all tem-
peratures where the one-defect trapping model is verified
by using the relation

K= L 77T @
Ty (T, d —7)

This is the case in crystals Nos. 1-4 from 20 to 300 K.

Thus we use Eq. (3) to calculate K; at all temperatures.
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Its temperature dependence is shown in Fig. 6. K, in-
creases at low temperatures in a similar way in these four
crystals: K, varies like 7% from 20 to 130 K, and like
T2 from 130 to 300 K. According to both theoretical
and experimental basis,>? this indicates that the observed
vacancies are negatively charged.

In an attempt to explain the large cross sections and
the strong temperature dependence of positron trapping
at negative vacancies, Puska, Corbel, and Nieminen®
have presented a model for positron trapping at isolated
negative monovacancies. It is schematically shown in
Fig. 7. In this model, the positron trapping can occur
through two mechanisms. The first mechanism is a
direct trapping from the delocalized state to the ground
state at the vacancy, which occurs at a rate K. The
second mechanism is an indirect, two-stage trapping. In
the first stage, the delocalized positron is trapped at a
Rydberg-like precursor state introduced by the Coulom-
bic potential of the negative vacancy, with a rate Ky.
The transition from this state to the ground state occurs
at a rate 7p. Positrons can escape from the weakly
bound precursor state and return to the delocalized state.
When the localized and delocalized states are in thermal
equilibrium, the detrapping rate 85 is given by'°

8 1 |mikgT |’ Eg
—= — exp | — , 4)
Kp C, | 2wk kpT

where Cy is the vacancy concentration,

Nc=[m _kgT /2w#*]*/? is the density of positron states
per volume unit in the positron delocalized states band,
and Ej is the binding energy of the precursor state. The
global trapping rate observed experimentally can be ex-
pressed as the sum of the two mechanisms detailed above,

C. Le BERRE et al. 52
® n’1:Maspec 195
A n’2: Maspec 196
O n’3:Maspec 197
1t 0O n'4:JM105
< 0.5t
IS) L
o
3
X
E
& 0.2
0.1}
10 20 50 100 300

TEMPERATURE (K)
FIG. 6. Positron-trapping rate at gallium vacancies as a func-
tion of temperature in the four crystals where no negative ions

are seen. The trapping rates are normalized to the value mea-
sured at 20 K.

the direct trapping and the indirect one:

K,=K,+ Kz (5)
a= Ky 372 ’
1+ pr | mykgT exp | — Eg
NTIR 277‘ﬁ2 P kBT

where N is the number of atoms per volume unit in the
perfect GaAs crystal, and py is the trapping coefficient of
the positron to the precursor state, related to Kz through
Kp=urCy/N. Assuming that Kz and K, vary like
T~'/2, K, can be expressed by

—1/2
_ Kg(20 K) | ——
K, =K, (20 K) | —L— - . HEL 6)
@ 20K (g (20 K) 2 kT |7 Eq
1+ exp | —
Nng 20 K 27H? kgT

K, then depends on four independent parameters: Eg,
1g (20 K)/ng, Kz (20 K), and K;-(20 K).

Solid lines in Fig. 8 are least-square fits of Eq. (6) to the
experimental trapping rates obtained by adjusting the
four parameters. The fitted functions reproduce well the
trends of the data. We found the same values in different
crystals for the parameters independently of the vacancy
concentration: Er=70+30 meV, up(20 K)/nz=10*
-10%, and Kz (20 K)/K (20 K)=pu, (20 K)/u,(20 K)>5.
It is important to point out that these parameters are ex-
tremely sensitive to the shape of the experimental lifetime
curves. We note that pz(20 K) and p,(20 K) verify

[

g (20 K) > (20 K), which reflects that the overlapping
of the delocalized positron wave function is larger with
the Rydberg-like precursor state of the vacancy than with
its ground state. The stronger decrease of K,; observed
experimentally above 130 K in the four crystals is due to
the thermal detrapping from the Rydberg-like precursor
state. Our results show therefore that the experimental
positron-trapping rate at a negative monovacancy in SI
GaAs is well described by a model taking into account a
two-stage capture mechanism, via a Rydberg-like precur-
sor state introduced by the Coulombic potential of the
vacancy. This had been also observed by Makinen et al.
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FIG. 7. A schematic picture of the two-stage positron cap-
ture mechanism (a), compared to the global trapping rate exper-
imentally observed (b). Ey is the positron binding energy to the
Rydberg state of the vacancy. The arrows represent the
different transition rates. The symbols A represent the positron
annihilation rate from the different states.

for the negatively charged phosphorus-vacancy pair in
silicon.!!

C. Identification of the vacancies

The Fermi level standing at midgap in semi-insulating
materials, gallium vacancies are negative (V3, or V%,
depending on the authors) and arsenic vacancies are posi-
tive, (V'1).!>"'* Thus we propose that the negative
monovacancies we observe are related to gallium vacan-
cies. We suggest that we observe the same vacancy SI
GaAs crystals Nos. 1-4, characterized by a lifetime of
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FIG. 8. Comparison between the experimental trapping rates
at Vg, (full circles) and the trapping rate calculated with Eq. (6)
(solid lines), from the two-stage trapping mechanism (Ref. 5).
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258 ps and a temperature dependence of the trapping
coefficient calculated from Eq. (6). We associate it with
the isolated gallium vacancy.

D. Evidence of negative ions

For the second group of crystals, Nos. 5-8, it is impos-
sible to decompose the lifetime spectra in two com-
ponents at low temperature. When the temperature is
high enough to make it possible, the one-defect trapping
model is not consistent below temperatures close to 300
K. This indicates that another defect traps positions at
low temperatures. This additional defect presents the fol-
lowing features: it becomes inefficient when the tempera-
ture increases, and its positron lifetime is very close to
the bulk lifetime. The latter indicates that this trap has
no open volume. We conclude that these traps are nega-
tive ions, and that at low temperature we observe a com-
petition for positron trapping at negative ions and vacan-
cies in these four crystals. These negative ions are shal-
low traps compared to vacancies. Above 100—-150 K, the
thermal detrapping from these shallow traps becomes
significant, and they are no longer observed at 300 K.
This was studied earlier in n-type GaAs (Ref. 15) and in
electron-irradiated SI GaAs.®

To check that the temperature dependence of the life-
time in crystals Nos. 5-8 can be explained by the pres-
ence of negative ions, we compared the experimental data
to an average lifetime calculated using a two-defect trap-
ping model involving vacancies and negative ions. Ac-
cording to the two-defect trapping model, the average
positron lifetime can be written as

A | B
(Ag+K,) + +2,
Kst Kst
T-calc='rd ’ (7
(A +Kp) |24 2 |4y
b d Kst Kst st

where A,=1/7, is the annihilation rate in the bulk,
Ay=1/7, is the annihilation rate at the vacancy defect,
K,; is the trapping rate at this vacancy, and
Agy=1/74=1/7, is the annihilation rate at the negative
ions. The ratio 8, /K, of the detrapping rate to the trap-
ping rate at the shallow traps has the same expression as
the ratio 8z /K, given for the Rydberg-like precursor
state of trapping at the vacancy [see Eq. (4)]:

32
E,

8st___ 1

K st Cst

m+kBT
22

exp ’ (8)

where C is the concentration of the negative ions and
E, is the binding energy of the positrons to the negative
ions. The lifetime data can be fitted by adjusting the
values Cy, E,, K;(300 K), and K (20 K), and postulating
the temperature dependences of the trapping rates K,
and K. For K,;, we take the same temperature depen-
dence as that observed in crystals Nos. 1-4. We assume
that K, varies like T~ % as predicted by the theory.’
The number of parameters to adjust can be reduced to
two, C,, and E,, because we have good estimations of the
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values K;(300 K) and K (20 K). The one-defect trapping
model being verified at 300 K, the effect of the negative
ions is weak at this temperature. K,(300 K) is thus calcu-
lated in the first approximation using Eq. (3). At 20 K,
the thermal detrapping from the negative ions, 8, can be
neglected in the first approximation. K (20 K) is then
calculated using a simple two-defect trapping model:

720 K)—7, T20K)—7,

K4(20 K)=1,
Tq—T20 K)  #20 K)—7

K (20 K) .

9)

With these assumptions and the precision of the lifetime
data, it is possible to fit the data for crystals Nos. 5 and 8
(see Fig. 9). This is not the case for crystals Nos. 6 and 7.
In order to reproduce well the well-marked minimum ob-
served for 7 around 50—100 K in these crystals, there is a
need to use a temperature dependence for K; which devi-
ates from T %3 as early as 30 K, with the form 7~ %%,
This suggests that crystals Nos. 6 and 7 may contain
vacancy-type defects which are different from those ob-
served in crystals Nos. 1-5 and 8. Table II shows the pa-
rameters of the fits E, and C for the four crystals Nos.
5-8. The binding energy E, is in the range 50-100 meV,
and the ion concentrations Cy, vary from 10’6 to 5% 10'°
cm 3. The values obtained for E, are in good agreement

|
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with the ionization energies of the Rydberg states® calcu-
lated from the effective-mass theory,!S with a positron
effective mass taken equal to my. The negative ion con-
centrations are in reasonable agreement with the general-
ly found acceptor concentrations in undoped bulk GaAs.!

From Table II, where K, the trapping rate at negative
ions, is given at 20 K, we can determine the positron-
trapping coefficient at the negative ions, u, =K /C, at
20 K. It has the same order of magnitude in the different
crystals and its value u,,(20 K)=(3+1)X 10" atm s, is
in the range of those predicted by the theory.’ This value
is close to uy(20 K)=(1.1£0.3)X10'® atms™! deter-
mined in electron-irradiated GaAs.!” As a mean value,
we thus obtain (20 K)=(2+1)X 10" atms ™.

Various residual impurities and some intrinsic defects
are believed to be negatively charged when the Fermi lev-
el stand at midgap.'>"'* The negative ions observed
could be impurities like C,,, Zng,, Mog,, or Feg,.
Among intrinsic defects, the gallium antisite Gal; is a
good candidate.

E. Trapping coefficient and concentration of the Ga vacancy

The global positron-trapping coefficient u; =K, /Cj at
the Ga vacancy is determined at all temperatures from
the parameters Eg, pg (20 K), 1 (20 K), and ng by
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FIG. 9. Comparison between
the experimental average life-
time (solid circles) and the aver-
age lifetime calculated with Eq.
(8) (solid lines), from a trapping
model including vacancies and
negative ions. For crystals Nos.

(sd) IWIL34IT NOYLISOd FIOVHIAY

%62 T 6 and 7, the temperature depen-
n*8: HB40C n'7: LRC dence of the trapping rate at the
242l 238 vacancy is different than that ob-
% served in crystals Nos. 1-4 and
used for calculating the average
240} T 1236 lifetime in crystals Nos. 5 and 8.
The parameters of the adjust-

ment are given in Table II.
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TABLE II. Binding energy E, and concentration C of the
negative ions obtained by fitting the experimental lifetime data
with a two-defect trapping model involving vacancies and nega-
tive ions. The positron-trapping rate K, at the negative ions is
estimated at 20 K, and the positron-trapping coefficient is calcu-
lated from C; and Cj.

E, C, K,20 K) pu(20 K)
Crystal (meV) (10" cm™3) (10 s7!) (10 ats™)
SI-GaAs No. 5 100£20 1.4%0.5 0.57 1.8+0.5
SI-GaAs No. 8 9020 4.3+0.8 2.28 2.410.5
SI-GaAs No. 6 50+15 3.9+0.8 2.64 3.1+0.6
SI-GaAs No. 7 60+15 3.6+0.8 2.62 3.240.8

Assuming that the positron-trapping coefficient at the
Rydberg-like precursor state at the gallium vacancy is
close to that at negative ions, ug (20 K)=(2+1)X 1016 T
s7L it is possible to determine p; in the crystals Nos.
1-4. First, from the fitted values of the ratios ug(20
K)/u (20 K) and ug (20 K)/nz, we obtain 7y, the posi-
tron transition rate from the precursor state to the
ground state in the vacancy. Its value is in the range
10'°-10!! s™! as estimated by the theory.” We obtain the
values u,=(2.1£0.7)X10'® atms™! at 20 K and
gy =(3£1)X10" atms~! at 300 K. This latter value is
of the same order as the value 1.3X 10'® atms™!, deter-
mined for Ga vacancies in electron-irradiated SI GaAs
from an estimation of the vacancy introduction rate.?
These value lead to Vg, concentrations varying from
4X%10" to 8 X 10" cm ™3 in crystals Nos. 1—-4. Using the
positron-trapping coefficient p,; determined with these
crystals, it is possible to calculate the vacancy concentra-
tion in the other four crystals at 300 K where the one-
defect trapping model is verified. The detected concen-
trations vary from 10'® to 3X10'® cm 3. The concentra-
tions of both acceptors, gallium vacancies and negative
ions, are higher than the concentrations of EL2" mea-
sured in these samples and reported in Table I. Illumina-
tion experiments on this set of crystals reported else-
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where!® have shown that under illumination positrons
detect As vacancies in the range of concentration
10'°-10'% cm 3, indicating that donors other than EL2
should be taken into account in the compensation mecha-
nism. The existence of other donors than EL2 had al-
ready been mentioned by Meyer et al.'®

V. CONCLUSIONS

In this work, we have studied the positron lifetime in
p-type and semi-insulating gallium arsenide in the tem-
perature range 20—-300 K. In p-type materials, with car-
rier concentrations varying from 5.4 X 10'® to 10'° cm 3,
no evidence of positron trapping at vacancies is observed.
The temperature dependence of which the lattice expan-
sion is associated to the positron-phonon coupling can ex-
plain the temperature dependence of the positron life-
time. Therefore, we ascribe the observed lifetime to delo-
calized positrons.

In SI GaAs, positrons detect negative vacancies and
negative ions. Due to the Fermi-level position at midgap,
we relate vacancy-type defects to gallium vacancies. The
negative ions can be extrinsic acceptor impurities, as well
as intrinsic acceptors as gallium antisites. The detected
concentrations of these acceptors are in the range
10°-10"% cm 3.

In six of the eight crystals which were studied, we ob-
serve a second lifetime 7,=258+5 ps that we ascribe to
positron trapping at the isolated gallium vacancy, nega-
tively charged. Positron trapping at this vacancy is
characterized by a strong decrease of the positron-
trapping coefficient as a function of temperature, with a
change in the slope at about 130 K. This observation
supports the two-stage positron capture model, where the
attractive Coulomb potential between a positron and the
negatively charged vacancy gives rise to Rydberg states
acting as precursor states in the positron capture. We
use the value of the positron-trapping coefficient mea-
sured for the negative ions to determine the global
positron  trapping  coefficient at the gallium
vacancy: (20 K)=(2.1£7)X 10 atms™! and u(300 K)
=(3+1)X10% atms™ .
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