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The properties of the native monovacancy defects are systematically investigated by positron-lifetime

measurements in n-type GaAs with carrier concentrations of n=10"-10'® cm

~3. The native defects

present two ionization levels at E- —30 meV and E-— 140 meV. The first corresponds to a charge tran-
sition 1——0 and the second to 0— 1+. The transitions are attributed to ionizations of As vacancy,
which may be isolated or part of a complex. In a simple identification of the defect with V', the ioniza-
tion level at Ec —30 meV is attributed to the transition ¥ 5,— V3, and the ionization level at Ec— 140
meV to the transition V%, — V1. The results show further that the configuration of ¥, is strongly re-

laxed inwards compared to the structure of V3.

I. INTRODUCTION

During the crystal growth of gallium arsenide, various
defects are formed in the lattice. These defects interact
with the free carriers by acting as traps, and scattering
and recombination centers. Therefore, they have a
strong influence on the electrical and optical properties of
the semiconductor material. However, the microscopic
structures of the defects in as-grown material are still
largely unknown, and there is need for their direct char-
acterization by atomic probes. In case of vacancies as na-
tive defects in GaAs, positron-annihilation methods have
already proved to yield valuable information on the basic
properties of the defects, like their charge state or ioniza-
tion levels.! ~3

Positrons in solids are strongly repelled by positive-ion
cores. Open-volume defects act as attractive centers, at
which positrons can get trapped with subsequent changes
in their annihilation characteristics. Because the electron
density in these defects is reduced compared to bulk, the
lifetime of the trapped positron is larger than the lifetime
of positrons annihilating in the perfect crystal. Conse-
quently, positron-lifetime experiments can be used to ob-
tain direct information on the vacancy-type defects on an
atomic scale.*> In addition to vacancies, also negative
ions have recently been shown to trap positrons at Ryd-
berg states at low temperatures both in as-grown and
electron-irradiated GaAs.6™°

We have used positron-lifetime experiments so far to
characterize both the native vacancies and the defects
created during 1-3-MeV electron irradiation in
GaAs.2%° In as-grown n-type GaAs, positron trapping
at native vacancies has been observed.? In our earlier
study, we have suggested that these vacancies exhibit two
Fermi-level-controlled transitions in the upper half of the
energy gap, and we have interpreted these processes as
ionizations of the As monovacancy.? This identification
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is further supported by our recent experiments in elec-
tron irradiated n-type GaAs, which clearly show that the
native vacancies change their charge during the compen-
sation of the material by irradiation.®

Our earlier results on the native vacancies in as-grown
n-type GaAs were mostly based on positron-lifetime ex-
periments performed as a function of temperature be-
tween 77 and 400 K in samples with a carrier concentra-
tion of typically n >10'® cm 3.2 The aim of this paper is
to complete our previous work and to obtain more de-
tailed information on the ionization processes. To ob-
serve the positron-lifetime transitions more completely in
n-type GaAs crystals with carrier concentrations of about
10'7-10" cm ™3, we extend the temperature range of our
measurements up to 600 K. We also extend it down to 10
K to investigate nominally undoped GaAs crystals with
carrier concentrations between 10'° and 10'® cm ™3, It is
interesting to test whether the native vacancies in n-type
GaAs exhibit the same properties as in our previous
work,? when the expanded scales of temperature and car-
rier concentration are utilized in the experiments.

Our results show that the position of the Fermi level in
the energy gap is able to explain the positron lifetimes at
native vacancies in n-type GaAs samples with carrier
concentrations ranging over three orders of magnitude
from n =10" to 10'® cm . Two ionization processes of
monovacancy defects were found at E; —30 meV and at
E;—140 meV after a careful data analysis, where the
influences of the degeneracy factors and the changes in
the positron-trapping coefficients are taken into account.
The monovacancy defect is attributed to As vacancy,
which may be isolated or bound to a defect complex. The
ionizations at E-—30 meV and at E.—140 meV corre-
spond to transitions of 1——0 and 0— 14 in the total
charge of the defect involving V,g. If the total charge is
attributed to As vacancy, our results show that ¥V, is
strongly inwards relaxed compared to V3.
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II. EXPERIMENTAL DETAILS

Positron lifetimes were measured in n-type GaAs single
crystals (see Table I), which were grown either by liquid-
encapsulated Czochralski (LEC) or horizontal Bridgman
(HB) method. The carrier concentrations of our samples
were between n =10°-10'® cm 3 at 300 K, and Hall ex-
periments were performed for several samples at 300 and
77 K to check the carrier concentrations given by the
suppliers of the sample material. The crystals at
n=10"-10'" cm™® were intentionally undoped, and
their electrical conductivity is most probably due to re-
sidual Si impurities. The samples with n =10'7-10'%
cm ™3 were doped either with Si or Sn. In addition to n-
type GaAs, positron lifetimes were measured also in three
Zn-doped p-type samples with room-temperature carrier
concentrations of 5.4X10'¢, 6.2X 10", and 2.0X10"
cm 3, respectively. Before the positron experiments the
samples were etched at [H,SO,]:[H,0,]:[H,0] 3:1:1 solu-
tion to remove a layer of about 10—-20 um from the sur-
face.

The positron-lifetime experiments were performed in a
conventional way.* Two identical sample pieces cut from
the same wafer were sandwiched with a 10-20-uCi posi-
tron source. The source material was carrier-free *NaCl
solution deposited onto a thin (1 pm) nickel foil.
Positron-lifetime measurements were carried out by a
fast-fast lifetime spectrometer with a time resolution of
230 ps [full width at half maximum (FWHM)]. Roughly
2X10® counts were collected to each of the spectrum,
and the annihilations in the source materials (145 ps,
7.4%:; 450 ps, 2.0%) were subtracted from the spectra be-
fore the final analysis. A closed-cycle He cryocooler and
a liquid-nitrogen cryostat were used to vary the sample
temperature between 10 and 600 K.

After the source and background corrections, the life-
time spectra were fitted to a sum of two exponential com-
ponents:

n(t)=ng[Iexp(—At)+Iexp(—Ayt)] , (1)

convoluted with the Gaussian resolution function of the
spectrometer. In Eq. (1), n, is the total number of ob-
served annihilation events, and the annihilation rate A; is
the inverse of the positron lifetime, A, =7; !. I, denotes
the relative intensity of the component having the life-
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time 7;,. The decomposition of the lifetime spectra is
unambiguous when the lifetime values differ sufficiently,
i.e., 7,/7>1.5. From the values of lifetimes 7; and in-
tensities I; we calculated also the average lifetime

TaV:IITl+12T2 N (2)

which is insensitive to the uncertainties in the decomposi-
tion procedure and coincides with the center of mass of
the spectrum. Hence, the average lifetime is always accu-
rately known, even when the two-component analysis is
not possible (7,/7; <1.5).

III. POSITRON-TRAPPING MODELS

In a perfect crystal, delocalized positrons annihilate
with a single lifetime 7,. In the presence of defects, posi-
trons may get localized at them and annihilate with a
second lifetime 7;. For open-volume defects like vacan-
cies, this lifetime is always longer than the bulk lifetime,
because the electron density is lower in a vacancy defect.
The positron trapping rate « at defects is proportional to
the defect concentration ¢y, and it is given by

K=WyCy , (3)

where pu, is the positron-trapping coefficient.

In semiconductors, the vacancy defects can exist in
different charge states depending on the position of Fermi
level in the energy gap. The charge of the vacancy has a
large influence on the positron-trapping coefficient pu,.
For instance, positive vacancies are repulsive for posi-
trons, whereas strongly enhanced positron trapping at
negative vacancies is observed at low temperatures.!®!!
Furthermore, if the vacancy changes its open volume at
the ionization process, the lifetime of the trapped posi-
tron 7, can also be different at various charge states of
the vacancy. To investigate quantitatively these charge
transitions with positron-lifetime measurements, the stan-
dard positron-trapping model'? has to be reformulated to
take into account the various charge states of the defects.
The models developed here will be used to analyze our
experimental data in Sec. VI.

TABLE 1. The n-type samples studied in this work and their positron-lifetime decompositions at
room temperature. The n-type conductivity of the nominally undoped samples is most probably due to

silicon impurities.

Carrier Dopant T T, I,
concentration (cm™>) atom (ps) (ps) (ps) (%)
1.9Xx 10" undoped 238+1 208+11 290+11 38+11
4.6x10" undoped 248+1 199+11 287+8 56+11
2.5Xx10' undoped 263+1 112+6 289+2 86+2
6.2 <10 Si 257+1 120+6 28112 85+2
1.2x10" Sn 243+1 176+9 27414 675
1.8x 10" Si 240*1 173£13 263+4 73+8
2.0X10'® Si 240+1 166+15 257+4 81+5
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A. Positron trapping at vacancies with a single charge state

When only one type of vacancy defects with a single
charge state exists in the sample, positrons can annihilate
either as delocalized in the bulk or as trapped at the va-
cancy. Provided that a trapped positron does not escape
from the vacancy, the lifetime spectrum is two exponen-
tial, and the normal one-defect trapping model is valid.
The lifetimes and intensities are given by'?

=7k, (4)

=1y, (5)
K

L=1-]=———— 6

2 Uk, —Ay (©)

By applying Egs. (4)-(6) to Eq. (2), the positron-
trapping rate can be expressed in terms of the average
lifetime as

Toy—Tph

K=Ap —— . @)

Td ™ Tav
This equation can be used to calculate the defect concen-
tration ¢, =k /p4, if the trapping coefficient p; is known.
The consistency of the one-defect trapping model can be
checked from the following equation:

V/r=I1,/7t 1, /T=1/7} . (8)

The test parameter 7, in Eq. (8) should coincide with the
known value of bulk lifetime 7,, if the decomposition
(1;,1;) follows the one-defect trapping model. If there is
a significant difference (7,—7, >5 ps), more than one
type of positron traps exist in the sample.

B. Positron trapping at vacancies
with two different charge states

When a vacancy defect has an ionization level in the
energy gap, two different charge states are possible for
the vacancy. The total vacancy concentration ¢ consists
thus of two populations ¢, and cp, which can change
into each other by the ionization reaction c j<«>cp+e .
Positrons can then get trapped either at the vacancies of
type A or B, and the annihilation characteristics in these
two states might be different. The occupancy of the va-
cancy between the two states A and B is determined by
the Fermi function f (Ref. 13):

ca=fe=Kk /1y, ©)

cg=(1—f)c =kg/ug , (10)

where « 4, 1 4, kg, and ug are the positron trapping rates
and trapping coefficients to the vacancy states 4 and B,
respectively. The Fermi distribution function f at the
temperature 7 can be written as

f={1+g exp[(E;—Eg)/ky T} " . (an

E; is the ionization level of the vacancy and Ej is the
Fermi level. The factor g is the ratio g =Z3 /Z , of the
internal degeneracies Z , and Zjy of the states 4 and B,
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respectively.

At the charge transition A<>B, the positron-
annihilation characteristics can change in two ways.
First, the lifetime of the trapped positron might change
due to differences in the electron density or in the volume
relaxation between the states 4 and B. Second, the trap-
ping coefficient can depend strongly on the charge of the
vacancy, even if the positron lifetime remains unaffected
in the ionization process. In next sections, we shall dis-
cuss these two possible effects on the basis of the
positron-trapping model.

1. Transition of positron lifetime
in the ionization of vacancy

When the lifetime of the trapping positron changes
with the charge state of the vacancy, the lifetime spec-
trum at the transition is three componential. In a three-
state trapping model the positron lifetimes 7y, 7y, and 7y
are given by!?

ml=r 4K +rp, (12)
™M= T4 > (13)
T]II:TB N (14)

with the corresponding intensities

L=1—Iy—Iy , (15)
Ij=«,4/(Ay—A 4+, +Kg), (16)
IIII:KB/(A’b_A’B+KA +KB) . (17)

In practice, three-component analysis of positron-lifetime
spectra is not possible due to statistical scattering, if the
longer lifetimes 7y and 7y differ less than typically 100
ps. In a two-component analysis, the shortest lifetime 7;
is usually well separated from the others, whereas the ex-
perimental second lifetime becomes a weighted sum of
the longer lifetimes 7; and 7. The decomposition
(71,7,) becomes then

S (18)

_ Iyt Iymm

Ty= (19)
g Iy +1Iy

According to Eq. (19), the experimental second lifetime
7, can thus be used to get information on the positron
lifetimes 7, and 75 [see Egs. (13) and (14)] at the two
charge states 4 and B of the vacancy defect.

Equation (19) can be simplified in the limit of a large
vacancy concentration. Assuming that (k,+kg) is
much larger than (A, —A ,) or (A, —Ap), a substitution
of Egs. (12)-(17) to Eq. (19) yields

K4 Kp

= + .
T K4 tKp T4 K4 tKp 7B (20)

Using Egs. (9)—(11) we get a model curve for 7, in the
transition A<«>B:

Tzzfe+TA+(1_fe+)TB , (21)
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where f . is the Fermi distribution of the vacancy charge
states A and B as seen by the positron
-1
foe= 1+“Lexp[<E,.—Ep>/kBT] ) (22)
eff

The parameter p.4 is the ratio of the positron-trapping
coefficients to the vacancy states 4 and B, u.g=pu 4 /tig.
When a transition 7 4<>75 is observed in the lifetime of
the trapped positron 7,, Eq. (21) can be fitted to the ex-
perimental data to obtain the corresponding ionization
level E;.

2. Transition of positron-trapping coefficient
in the ionization of a vacancy

When the lifetime of the trapped positron remains con-
stant in the ionization of the vacancy, the only change to
the lifetime spectrum is due to different positron-trapping
coefficients at the two charge states 4 and B of the va-
cancy. In this case, the lifetime spectrum is two exponen-
tial with 7,=71 =7p. The total trapping rate k can be
calculated from the one-defect trapping model [Eq. (7)]
with the experimental values of 7,, and 7,:

Tav— Tp
=Kk, 4+Kkp=Ay—— . 23
K=K, 4 tKkg=»A, P— (23)
Using Egs. (9)-(12) we get, from Eq. (23),
u
L=r+201-p, (24)
Ko H 4

where ko=pu 4c, i.e., the trapping rate at vacancy state 4
when f =1. Equation (24) can be used to model the ex-
perimental data in order to obtain the ionization level E;
of the vacancy in the transition 4<«>B. Note that when
W g is much smaller than pu 4, the measured values of « de-
scribe directly the Fermi function f of the vacancy ion-
ization process. This situation could be expected, when a
vacancy changes its charge from neutral to positive.

IV. POSITRON LIFETIME RESULTS IN p-TYPE GaAs

In p-type GaAs, three different samples with carrier
concentrations ranging from 5.4X10' to 2Xx10'® cm 3
were studied as a function of temperature at 85—-600 K.
The results are shown in Fig. 1.

In p-type GaAs, the lifetime spectrum is one com-
ponential at all temperatures, and no signs of positron
trapping were observed. As seen in Fig. 1, the positron
lifetime increases as a function of temperature in all three
samples. The value of 231 ps was obtained for all sam-
ples at 300 K, and the increase of the lifetime takes place
with the same slope as a function of temperature indepen-
dent of the carrier concentration of the sample. A linear
fit to the experimental lifetime gives the result of
7=227.6 ps+(0.0113 ps/K) T for the temperature depen-
dence of 7in Fig. 1.

In p-type GaAs, no positron trapping at vacancies is
thus observed. The lifetime value of 231 ps is the lowest
lifetime we have measured in GaAs at 300 K. This value
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FIG. 1. Positron lifetimes in as a function of measurement
temperature in p-type Zn-doped GaAs. The lifetime spectra in
p-type GaAs are one componential. The carrier concentrations
in cm ™ at 300 K are indicated for each sample in the figure.

can also be calculated from the one-defect trapping mod-
el [Eq. (8)], when positron traps are present in the materi-
al (Sec. V). Hence, we follow our previous conclusion?
and attribute the lifetime of 231 ps to delocalized posi-
trons in bulk GaAs. The bulk lifetime of 231 ps is in
good agreement with the recent theoretical calculations.!*

In defect-free materials, the temperature dependence of
the positron lifetime is due to the thermal expansion of
the lattice and to the positron-phonon interaction. This
results at high temperatures to a smaller valence-electron
density in the interstitial regions of the lattice, where the
positron is confined. In Fig. 1, the temperature depen-
dence of the bulk positron lifetime in GaAs crystal main-
ly reflects the thermal expansion of the lattice. We can
check this by comparing the ratios of the positron-
lifetime increase to the ratios of the standard linear
thermal expansion coefficients of the lattice in different
semiconductors. For instance, for GaAs and Si we get a
ratio of about (0.0113/0.0069)~2 from our positron ex-
periments, whereas a value of (6.86X107¢% K™!)/
(2.6X107° K7')=2.6 can be calculated from the
thermal expansion coefficients.!®

However, in p-type GaAs positrons are not necessarily
completely free at low temperatures, since a weak locali-
zation at Rydberg states of negative ions like Zn atoms
can occur.® If this process is possible in p-type GaAs, it
is not visible at 85600 K in the temperature dependence
of positron lifetime according to data in Fig. 1. We can
thus conclude that in p-type GaAs positrons do not
detect vacancies and the temperature dependence of the
positron lifetime is due to thermal expansion only.
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V. POSITRON-LIFETIME RESULTS IN n-TYPE GaAs

A. Positron lifetimes at room temperature

In n-type GaAs, two exponential positron-decay com-
ponents were necessary to analyze the lifetime spectra at
room temperature. The results of the decompositions at
room temperature are given in Table I for the samples
with various n-type doping levels.

In Table I, both the average lifetime and the decompo-
sition of the lifetime spectra depend on the carrier con-
centration at 300 K. In the samples with a low doping
level of 101°-10'6 cm ™3, the average lifetime shows large
variations between 238 and 263 ps, whereas in highly
doped material (n =10'7-10"® cm™3) 7,, always gets
values of about 240 ps. The average lifetime in lightly n-
type GaAs is thus generally equal or larger than in highly
n-type GaAs. This trend is in good accordance with the
results of earlier experiments.! ™3

As a function of the carrier concentration, the decom-
positions of the lifetime spectra show similar trends as
the average lifetime. The lifetime component 7, is about
290 ps in the n-type samples with a small free-electron
concentration of 10"°-10'® cm™3 at 300 K. When the
carrier concentration is increased to the intermediate
doping level of 107 cm™3, the positron-lifetime com-
ponent 7, tends to decrease to values of 265-285 ps. Fi-
nally, in heavily n-type material the lifetime 7, gets the
lowest values, typically at the level of 257-262 ps.

Positron average lifetime values of 240-270 ps are
clearly higher than the lifetime 7, =231 ps of delocalized
positrons in the bulk GaAs at 300 K. Increased value of
average lifetime is a clear sign that the sample contains
vacancy-type defects, at which positrons get trapped.
Our results in Table I thus reproduce the general trend
that vacancy-type defects are detected in n GaAs but not
in p GaAs nor in semiinsulating GaAs. This behavior
has also been found in earlier experiments. !

In the one-defect trapping model,'? the experimental
lifetime 7, is characteristic for positrons trapped at the
corresponding vacancy defect (see Sec. III A). Using Eq.
(8), the consistency of the one-defect trapping model can
be checked by calculating the test parameter 7, from the
lifetime decompositions and by comparing it to the life-
time 7, obtained in defect-free GaAs. In our results in
Table I, the mean value of the test parameter 7, becomes
70=234+3 ps. This value is in good agreement with the
lifetime of 231+1 ps obtained in p-type GaAs, where no
positron trapping at vacancy defects was observed (Sec.
IV). In general, the decompositions of the lifetime spec-
tra thus follow well the simple one-trap trapping model at
300 K. However, in a few samples (n =4.6X 10" and
2.5X 10 cm™? in Table I) slight discrepancies from the
simple trapping model are present. As discussed earlier
in Ref. 6, the decomposition at 300 K can be partly
influenced by positron trapping at negative ions. Howev-
er, even when a small contribution from the negative ions
is present, the second lifetime 7, characterizes positron
annihilation at vacancy defects, 7, =7, (Sec. III A).

In Table I, the values of 7, change in the range
260-290 ps in correlation to the doping level of the sam-
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ple. Hence, it seems to be that the structure of the vacan-
cy defect changes with carrier concentration of the sam-
ple at 300 K. At low doping level, the positron trap can
be characterized with roughly 7,,=290 ps, and in highly
n-type GaAs the positrons get trapped with a lifetime of
about 74, =260 ps, respectively. These values are in good
agreement with our earlier results.?

B. Temperature effects on the positron lifetimes

In n-type GaAs, the average positron lifetime depends
strongly on the measurement temperature. The average
lifetime as a function of the measurement temperature is
shown in Fig. 2 for the various samples studied in this
work. The results show the same qualitative behavior as
in our earlier works.> %%

When sample temperature is increased from 10 K, the
average positron lifetime increases in all curves of Fig. 2,
and it levels off at about 200 K. This increase of 7,, with
temperature has been discussed in detail elsewhere.>® In
n-type GaAs positrons localize weakly at Rydberg states
of negative ions at low temperatures.® The lifetime of
positrons trapped at ions is close to the lifetime of 231 ps
in bulk GaAs. The decrease of average lifetime below
200 K reflects the competition between trapping process-
es to vacancies and ions, whereas at high temperature of
typically T > 250 K all positrons are detrapped from ions
and only vacancies are seen.® In this work, we shall focus

T T T T v T
260 GaAs - 260
L n-type 4
240 —/‘\\ n =1.9x101% - 240
\ N\
260+ — 260
L M n = 4610’5 -
200 - <240
\ n=2.5x1016
g 260 T260
i'é" o 4
= 2,0 | 24
" n=62x101 i 0
w
5 250 f\ 250
= i
&
= n=12x10"7 N\
SU0L T T Y e ees 1200
a
} n =1.8x1017 N\
230+ W 230
N\ n=20x0'® \
240 W -1240
220 L 1 - L t ! 220
0 200 400 600

MEASUREMENT TEMPERATURE (K)

FIG. 2. Positron average lifetime in n-type GaAs as a func-
tion of measurement temperature. The carrier concentrations
in cm ™3 at 300 K are given in the figure for each sample.
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on the properties of the vacancies and we do not concen-
trate further on temperature effects in 7,, below 200 K.

Above 200 K the temperature dependence of 7, is
different for the samples with different carrier concentra-
tion. In the lightly n-type samples (n =10'°-10'6 cm —3),
average lifetime decreases as a function of the measure-
ment temperature. At the intermediate doping level of
n=10" cm™3, this decrease of r,, with temperature be-
comes much weaker. Finally, in the samples doped to a
level of n =10'" cm ™3 the average positron lifetime is al-
most independent of temperature at the range 7" > 200 K.

The decomposition of the lifetime spectrum at various
measurement temperatures is shown in Fig. 3 for the
sample with 7 =2.5X10'® cm™3. Compared to the
room-temperature results (Table I), the decomposition of
the lifetime spectrum changes radically when the sample
is cooled to low temperatures of 20-100 K. At 20-100
K, the lifetime 7, is constant at a value of 7,=257+3 ps.
Between 100 and 250 K, 7, increases gradually to the
room temperature value of 7,=295 ps, at which it stays
constant up to the highest measurement temperature of
575 K. As a function of the sample temperature, the life-
time component 7, thus exhibits a transition between two
different stable states: 257 ps at low temperature and 295
ps at high temperature.

The strong temperature effects in the average lifetime
at T >200 K are also clearly visible in the decomposi-
tions of the spectra in Fig. 3. At temperatures above 200
K, the lifetime 7, remained constant at 295+3 ps. The

GaAs
n = 2.5x10'6

200} ! -

POSITRON LIFETIME (ps)
‘/1
%

150 ﬂ

100 - 4

1 N 1 " | 1 1 F— " 1 " 1

0 200 400 600
MEASUREMENT TEMPERATURE (K)

FIG. 3. Decomposition of the positron-lifetime spectrum as a
function of temperature in undoped n-type GaAs sample with a
carrier concentration of n =2.5X10'® cm™? at room tempera-
ture.
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large decrease observed in 7,, is due to a decrease in the
intensity I,, which drops from 85% to about 40% in the
interval 300-600 K. At these temperatures, the increase
of 7, is consistent with the one-defect trapping model
(Sec. IIT A). On the contrary, at 20—-300 K the experi-
mental 7; is much larger than expected assuming trap-
ping at one type of vacancy defects only.® This behavior
is typical, when positions localize at negative ions in addi-
tion to vacancies.®

Together with the change of the value of 7, as a func-
tion of temperature, the strong decrease of I, at 300—600
K is the most striking result of the decomposition of the
lifetime spectra. We shall next discuss successively these
two main effects. In particular, we will compare these
effects in our various n-type samples, and show that the
temperature behavior can be related to the carrier con-
centration of the sample.

1. Lifetime transition of T, as a function
of the sample temperature

The longest lifetime component 7, after decomposition
of the spectra is shown in Fig. 4 for the various samples
studied in this work. For all the measurement tempera-
tures between 10 and 600 K, a free decomposition is not
always possible due to a small value of I,. In these cases,
the lifetime component 7, is not shown in Fig. 4, al-
though the average lifetime could still be determined
(Fig. 2).

In all samples of Fig. 4, the lifetime 7, levels off at a
value of 7,=257+3 ps, when the temperature is lowered
from 300 K. At 10-50 K, the lifetime of 7,=257+3 ps is
found in all samples, at which the lifetime decomposition
was possible. In contrast to room-temperature results
(Table I), only one type of positron trap with 7, =257 ps
is thus found at 10 K independent of the carrier concen-
tration of the sample. The lifetime of 7,=257 ps is the
same as observed for heavily n-type GaAs at 300 K (Sec.
V A and Ref. 2).

When temperature is increased from 10 K, the lifetime
component 7, increases rapidly from the 257-ps level to
about 295 ps in the lightly n-type samples (n =10'°-10'¢
cm™%). When the value of 7,=295+3 ps is reached, 7,
remains constant as a function of temperature. In the
samples with intermediate n-type carrier concentration
(n =10"7 cm™3), the lifetime 7, also increases with tem-
perature, but with a smaller slope compared to the sam-
ples with lower n-type doping. Furthermore, no satura-
tion of 7, could be observed at high temperatures in the
samples with n =10'7 cm ™3, and the onset of the increase
in 7, is shifted to higher temperatures than in the samples
with n =10"-cm ™3 doping range. Finally, in heavily n-
type GaAs the lifetime 7, remains at 260=%3 ps at all mea-
surement temperatures up to 600 K.

Changes in the lifetime 7, with temperature are ob-
served in Fig. 4 for various n-type GaAs samples with the
donor concentration ranging from 10°-10" cm 3. Asa
function of temperature, 7, shows also saturations at
257+3 ps at 10-100 K and at 295+3 ps at high tempera-
tures. This suggests that the values 7,=257+3 and
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295+3 ps are two well-defined levels of the positron life-
time 7,, and the temperature dependence of 7, in Fig. 4
reflects an equilibrium between these two possible annihi-
lation  states. Hence, the lifetime transition
7,=257—295 ps at 10-600 K seems to be a general
property of the positron lifetime 7, at the 10'°~10!"-cm 3
doping range.

The transition 7,=257—295 ps in Fig. 4 shows also
systematic trends, which correlate to the carrier concen-
tration of the sample. The arrow in each of the 7, curves
in Fig. 4 indicates the center temperature, at which the
lifetime 7, is in the middle of the transition at 7,=276 ps.
In the sample with the lowest n-type conductivity
(n =1.9X10" cm™3), the middle of the transition is lo-
cated at 80 K. When the carrier concentration increases,
the value of 7,=276 ps is obtained systematically at

higher temperatures, and in the sample with n
T . T T T y .
300 |- n=19x1015 4300
I GaAs ]
280 n-type N\
260 - n=46x1015 4300

POSITRON LIFETIME T, (ps)

I n=2.0x1018 + +

260 - +++&’¢v+vt¢ﬁ’ 2t 1260
20, ., , 4 240
0 200 400 600

MEASUREMENT TEMPERATURE (K)

FIG. 4. Positron lifetime 7, at vacancy defect as a function of
measurement temperature. The arrows indicate the middle of
the lifetime transition from 7,=257 to 295 ps. The solid lines
are fits of Eq. (21) with the value of ionization level E; given in
Table II for each of the curves. The carrier concentrations n
are given in cm ™3 in the figure.
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=1.8X10'" cm™? a temperature of 550 K is required to
reach the middle of the lifetime transition 7,=257-—295
ps. Finally, in heavily n-type GaAs (n =2X10'® cm™3)
the changes in 7, are not present in the measurement
temperature range of 10-600 K. Hence, in the samples
with higher carrier concentration, the lifetime transition
T7,=257—295 ps is shifted systematically to higher tem-
peratures.

In addition to the middle temperature, the temperature
width of the lifetime transition 7,=257-—295 ps changes
radically in the samples with different carrier concentra-
tions. In the sample with n =1.9X10'® cm ™3 the total
range of changes in 7, is only 100 K, whereas at least a
temperature interval of 600 K is required for the com-
plete transition in the samples with 10!” cm ™3 conduction
electrons. For all curves in Fig. 4, the width of the
changes in the lifetime 7, is thus systematically correlated
to the carrier concentration of the sample, or possibly to
the temperature, at which the transition 7,=257—295 ps
takes place.

We summarize the temperature effects on the decom-
posed lifetime 7, as follows. (i) As a function of tempera-
ture, the lifetime 7, changes between two well-defined lev-
els of 257+3 ps and 29543 ps. (ii) The transition 7,=257
ps—295 ps is shifted to higher temperatures, when the
carrier concentration of the sample decreases. (iii) The
temperature width of the transition 7,=257—295 ps in-
creases, when the transition occurs at higher tempera-
ture.

2. Decrease of positron trapping as a function
of the sample temperature

In Fig. 2, the average positron lifetime was seen to de-
crease in the lightly n-type samples (n =10°-10'® cm™3)
as a function of temperature at 200—600 K. During this
decrease, the lifetime of the trapped positron 7, stays
constant at 7,=295 ps, and the decomposition follows
well the simple trapping model with only one type of va-
cancy defects. The changes in 7,, can thus be character-
ized with the positron trapping rate « calculated from the
one-defect trapping model [Eq. (7)].

Figure 5 shows the positron-trapping rate as a function
of temperature in various lightly n-type samples studied
in this work. The decrease in 7,, seen in Fig. 2 corre-
sponds to the decrease of x in Fig. 5. The largest values
of k in the various samples in Fig. 5 range between 2-7
ns !, and the absolute levels of the trapping rates do not
seem to be correlated to the carrier concentrations of the
samples.

The arrow in Fig. 5 indicates the temperature, at which
the trapping rate « has decreased to half of the value ob-
tained at low temperatures before the changes in « take
place. In the sample with the lowest carrier concentra-
tion of n =1.9X 10> cm ™3, the trapping rate starts to de-
crease at about 200 K, and it drops to half of the original
value already at 260 K. A further increase of the mea-
surement temperature results in a decrease in «, and no
saturation of the trapping rate is obtained at 300 K. In
the sample with an order-of-magnitude larger carrier
concentration (n =2.5X10'® cm™?3), the decrease of «
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starts at about 260 K, and a temperature of 370 K is re-
quired to decrease the trapping rate to the half of its
value at 250 K. In the sample with further increased
doping (n =6.2X10'® cm™3), both the onset and the
middle of the k=«(T) curve are still shifted to higher
temperatures, to about 280 and 410 K, respectively. At
the same time the temperature width of the change in the
trapping rate becomes much larger. In the sample with
n=6.2X10' cm ™3, k decreases over a temperature in-
terval of 400 K, whereas in the n =1.9X 10" ¢cm 3 sam-
ple only about 150 K is needed to decrease the trapping
rate to about O ns ! from its original level.

The middle temperature (arrow in Fig. 5) is thus shift-
ed from 260 to 410 K, when the carrier concentration is
increased roughly 30 times from 1.9X10'® to 6.2X 10'¢
cm 3. At the same time, the shape of the k=x(T) curve
becomes much wider. Hence, the decrease of trapping
rate as a function of temperature seems to be correlated
to the carrier concentration of the sample. When com-
pared to the temperature behavior of the decomposition
of the lifetime spectra (Sec. V B 1), the trapping rate k ex-
hibits similar properties as the lifetime component 7,. As
functions of temperature, both parameters show transi-
tions, which can be related to the carrier concentration of

n=4.6x101°

|

n =6.2x1016

POSITRON TRAPPING RATE K (10° ™)

0 1 R | N 1 10
100 300 500
MEASUREMENT TEMPERATURE (K)

FIG. 5. Positron trapping rate « at vacancy defect as a func-
tion of measurement temperature. The solid lines are fits of the
Fermi function [Eq. (24)] with degeneracy factor g =4 and with
the value of the ionization level E; given in Table III for each of
the curves. The arrows indicate the middle of the transition
k—0. The carrier concentrations n are given in cm™? in the
figure.
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the samples.

We summarize as follows our experimental findings of
the temperature dependence of the lifetime spectra in n-
type GaAs. We have observed two positron-lifetime
transitions, which correlate to the carrier concentration
of the sample. In the first transition, the lifetime of the
trapped positron changes from 257%3 to 295+3 ps. In
the second transition, the positron trapping rate de-
creases towards zero.

VI. DISCUSSION

In this section, we shall attribute the positron traps in
n-type GaAs to monovacancies in As sublattice. Furth-
ermore, we shall discuss the temperature effects in the
positron lifetimes in terms of the ionization processes of
Vs, and determine the corresponding positions of the
ionization levels in the energy gap. Finally, we shall con-
clude that large lattice relaxations are associated with the
ionization of ¥V,,. We suggest that the negative
configuration of V,, is about 10% inward relaxed com-
pared to the neutral V.

A. Properties of positron traps in the n-type GaAs

In n-type GaAs, positron trapping at vacancy-type de-
fects is always observed. The two-component analyses in
Table I indicate that positrons are trapped with a second
lifetime 7, of the range of 257-295 ps. The lifetimes 7,
measured in various samples at 300 K are collected in
Fig. 6 as a function of the carrier concentration at 300 K.
We have also included in Fig. 6 data from our earlier
measurements.> %16

In Fig. 6, the lifetime of the trapped positron 7, is con-
stant 7,=295%3 ps in all samples with a low carrier con-
centration between 1.9 X 10> and 2.5X10'% cm 3. Simi-
larly, when the carrier concentration is high in the level
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FIG. 6. Positron lifetime 7, at vacancy defect in samples
studied in this work or in our previous works (Refs. 2, 6, and
16). The calculated position of the Fermi level E is given in
reference to the bottom of the conduction band E.. The solid
line is a fit of Eq. (21) with an ionization level of vacancy defect
at Ec —E; =30 meV. All measurements have been performed at
constant temperature of 300 K.
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of 5X 10" to 5X 10" cm ™3, the second lifetime is again
independent of doping and gets a value of 7,=257%£3 ps.
In the intermediate carrier-concentration range of
3X10' to 5X10'7 cm ™3, 7, decreases continuously from
the 295-ps level towards the value of 257 ps obtained in
the highly doped material. The room-temperature data
of Fig. 6 thus suggests that the lifetimes 7,=257+3 and
295+3 ps correspond to two well-defined annihilation
states at the vacancy defects, whereas the lifetimes
7,=260-290 ps obtained in the n =10""-cm~* doping
range are rather superpositions of the levels of 257 and
295 ps.

The same trend can be seen also in the data measured
as a function of temperature. At low temperatures, only
one type of positron trap with a lifetime of 257£3 ps is
present in all samples (Fig. 4). When temperature is in-
creased, 7, increases and finally saturates at the lifetime
value of 295+3 ps. Hence, two levels of 7, are found also
in temperature dependence of 7,: The lifetime of the
trapped positron saturates at either 7,=257+£3 or 295+3
ps, when the temperature of the sample is changed. We
can thus conclude that two different vacancy defects act
as positron traps in n-type GaAs, and they correspond to
the positron lifetimes of 7,=257+3 and 295+3 ps, re-
spectively.

The lifetime of 7,=295 ps is 28% higher than the bulk
lifetime of 7, =231 ps in GaAs. This value is close to the
lifetime ratio (273 ps)/(220 ps)=1.24 that we have previ-
ously found for a negative monovacancy in electron irra-
diated Si.'° In electron-irradiated Ge, we have observed
positron trapping at monovacancies with a lifetime of 290
ps, which is 26% higher than the bulk lifetime of 7, =230
in Ge.!” The comparison to the observed lifetimes in
monovacancies in Si in Ge thus suggests that the lifetime
of 295 ps in GaAs is due to positron trapping and annihi-
lation at monovacancy defects.

This interpretation is supported also by the theoretical
calculations of positron lifetimes. The calculations with
self-consistent electron structure predict values of 279
and 267 ps for neutral unrelaxed V,, and V,, respective-
ly."® For unrelaxed divacancies Vg,V ,,, the calculated
positron lifetime is about 320 ps.!® This lifetime is much
longer than found in any of our n-type samples. We can
thus conclude that both the experiments in Si and Ge as
well as the theoretical calculations are in agreement that
the trapped-positron lifetime of 295 ps corresponds to
positron annihilation at a monovacancy defect.

The positron lifetime of 7,=257+3 ps is smaller than
the value of 7,=295 ps, indicating a smaller open
volume. The value of 7,=257 ps is in good agreement
with the results in electron-irradiated GaAs, where posi-
tron trapping to Ga monovacancies has been observed
with a lifetime of 260%5 ps.®2%2! The ratio (257 ps)/(231
ps)=1.11 is also in good agreement with the measure-
ments in electron-irradiated P-doped Si, where the nega-
tive vacancy-phosphorus pair (V-P) has been found to
trap positrons with a ratio (248 ps)/(220 ps)=1.13.122
The theoretical estimates of 260—280 ps for positron life-
times in monovacancies in GaAs give further support to
attribute also the positron trap with 7,=257 ps to a
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monovacancy.'®!® Based on all these arguments, we con-
clude that also the position trap with 7,=257 ps is due to
annihilations at a monovacancy defect.

To summarize, two different positron traps with life-
times 257 and 295 ps are observed in n-type GaAs. The
257-ps configuration is present at low temperatures and
in highly doped samples, whereas the 295-ps
configuration exists at high temperatures and in the sam-
ples with low carrier concentration. In the intermediate
temperature and doping ranges, the two positron traps
coexist and the resulting lifetime takes any value between
257 and 295 ps. Both positron traps correspond to an-
nihilations at monovacancy defects.

B. Lifetime transition 257 — 295 ps and the ionization
of a vacancy defect

1. Positron lifetimes at vacancies
and the position of the Fermi level

The results in Fig. 6 show that the monovacancy with
295-ps positron lifetime is gradually replaced by the
configuration with 7,=257 ps, when the carrier concen-
tration at 300 K increases. This transition 257 ps<>295
ps occurs also as a function of temperature. In Fig. 4, the
monovacancy with the 257-ps lifetime becomes less dom-
inant when temperature increases, and finally it is com-
pletely replaced by the monovacancy with 7,=295 ps.
The transition temperature becomes higher when the car-
rier concentration increases. This suggests that the tran-
sition 257 ps<«>295 ps is not a pure temperature effect, but
it is rather related to the free-electron density of the sam-
ple. This interpretation is further supported by the data
in Fig. 6, where the transition 257 ps<>295 ps occurs as a
function of carrier concentration at constant temperature
of 300 K.

The lifetime of the trapped positron seems thus to be
related to both the initial doping level and the crystal
temperature. In thermal equilibrium, the effects of these
two quantities can be described by a single parameter, the
Fermi level Er. When temperature is decreased in n-type
semiconductor, the electron levels in the energy gap be-
come more populated, and the Fermi level moves towards
the conduction band. The same shift of the Fermi level
can be obtained also by increasing the donor concentra-
tion at constant temperature.

Hence the ionization of the defect levels in the gap is
determined by the Fermi level.!> When the Fermi level is
close to the conduction band, a defect is in its most nega-
tive state. When temperature is increased, the Fermi lev-
el moves toward the midgap, and the defect can change
its charge, if the Fermi level crosses an ionization level of
the defect. Because the Fermi level depends on the dop-
ing concentration in addition to temperature, the ioniza-
tion of the defect takes place at higher temperatures in
the samples with a larger carrier concentration at 300 K.
This suggests that the positron-lifetime transition 257
ps<>295 ps between two monovacancy defects is a
Fermi-level controlled process.

Figure 7 shows the positron lifetime 7, in the vacancy
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FIG. 7. Positron lifetime 7, at vacancy defect as a function of
the position of the Fermi level Ef in reference to the bottom of
the conduction band E.. The solid line is a fit of Eq. (21) with
an ionization level of vacancy defect E; given in Table II for
each of the curves. The carrier concentrations n are given in
cm ™3 in the figure.

as a function of the Fermi-level position in the energy
gap. The Fermi level E at temperature T was calculated
from the carrier concentration n as n =N F, ,,(Eg,T),
where N, is the effective density of states of the conduc-
tion band and F,,, the Fermi integral.”> The tempera-
ture dependence of E, was calculated assuming that the
conduction electrons are emitted from a single shallow
donor at 3—-6 meV below the conduction band.?* This as-
sumption was checked by Hall experiments in several
samples at 300 and 77 K, and a good agreement with our
calculations was found for the temperature dependence of
Eg.

In Fig. 7, the lifetime 7, gets a value of 7,=257%3 ps
in all samples at the Fermi-level positron close to the con-
duction band at E.—Er=0-15 meV. When the Fermi
level moves toward the midgap, the positron lifetime 7,
starts to increase in all samples. This increase continues
roughly over the interval E. —Ez=15-50 meV, after
which 7, saturates at a value of 295 ps. Figure 7 shows
thus clearly that the 257 ps <»295 ps transition in 7, takes
place in all samples at the same position of the Fermi lev-
el, although the measurements in Fig. 7 have been per-
formed at different temperatures of 7=10-600 K and in
many samples with carrier concentrations ranging two
orders of magnitude from n =1.9X10!° to n =1.8x 10"
cm? at 300 K.

The calculated position of the Fermi level is indicated
also in Fig. 6, which shows the positron lifetime 7, as a
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function of carrier concentration at constant temperature
of 300 K. When the carrier concentration of the sample
decreases, the Fermi level moves towards midgap. At the
same time, the lifetime of the trapped positron changes
from 7,=257 ps to 7,=295 ps. In Fig. 6, the lifetime 7,
thus exhibits a transition 257 ps<>295 ps, when the posi-
tion of the Fermi level is changed by varying the carrier
concentration of the sample at constant temperature of
300 K. This behavior is in perfect agreement with the
data in Fig. 7, where the position of the Fermi level was
moved by changing the measurement temperature. The
transition of positron lifetime 7, between the two values
257 and 295 ps is thus controlled by the position of the
Fermi level in the energy gap.

The defects with positron lifetimes of 257 and 295 ps
were attributed to monovacancies in the previous section.
The transition 257ps<>295 ps thus shows that a monova-
cancy (7,=257 ps) is replaced by a second type of a
monovacancy (7,=295 ps), when the Fermi level reaches
a well-defined position in the energy gap. The simplest of
such processes is the ionization of the monovacancy.
When the positron lifetimes in two different charge states
of the vacancy differ sufficiently, the ionization process is
observed as a transition in the trapped-positron lifetime,
when the Fermi level moves in the energy gap (Sec. III).
Our results in n-type GaAs follow exactly this kind of be-
havior: a monovacancy with 7,=257 ps is replaced by a
second monovacancy with 7,=295 ps as a function of the
Fermi-level position. We can thus conclude that the two
types of monovacancies observed are not independent de-
fects, but their concentrations are related through the
Fermi distribution. We attribute them to two different
charge states of the same monovacancy defect.

2. Determination of the ionization level

The ionization process of the monovacancy can be
quantitatively analyzed in terms of the trapping models
introduced in Sec. III. When the positron lifetime is
different in the two charge states of the vacancy, we can
use Eq. (21) to model the experimental data with
7,=257 ps and 75=295 ps as lifetime values at the
charge states 4 and B, respectively. We emphasize that
strictly speaking Eq. (21) is valid only if the positron-
trapping rates at vacancies are high enough compared to
annihilation rates at vacancies and in the bulk (see Sec.
IIIB1). However, a quantitative analysis shows that
with our values of 74, 73, and 7,, Eq. (21) is still a good
approximation even when the trapping rates « 4, and kp
get such small values as 0.2 ns~!. For example, when « 4
and k vary in the range 0.2-20 ns~ !, the simplifying ap-
proximations affect the values of 7, in Eq. (21) by less
than 2 ps only. This value is clearly smaller than typical
statistical errors in the experimental lifetime components.
Hence, the quantitative analysis of our data is possible
with the trapping models of Sec. III.

The best fits of Eq. (21) to the experimental 7, are indi-
cated by solid lines in Figs. 4 and 7. In these fits, we have
simply omitted the influence of the degeneracy factor g
and the positron trapping coeflicients p.4 (g =1, peg=1).
The fitted values of the ionization level E; are given for
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each of the samples in Table II.

The solid lines in Figs. 4 and 7 reproduce well the ex-
perimentally observed behavior of 7,. The shape of the
Fermi function f . fits well to 7,, and the width of the

transition 257 ps<>295 ps is seen to increase considerably,
when the transition is shifted to higher temperatures.
The good quantitative agreement between the experi-
ments and the shape of the Fermi functions in Eq. (21)
thus provides further support that the observed behavior
of 7, can be assigned to an ionization process of a mono-
vacancy.

The fitted values of the ionization level E.—E,; are
given in Table II. In the lightly to intermediate doped
samples with n =1.9X 10" to 6.2X10'® cm ™3, the ion-
ization level is found exactly at the same position in the
energy gap at E-—E; =30%3 meV. The degeneracy fac-
tors g and the trapping coefficients u s being omitted in
the fitting, the ionization level E—E;=30%3 meV in
Fig. 7 is located in the middle (f,+=0.5) of the transition

257 ps<>295 ps. In the two samples with the carrier con-
centration in the n =10'-cm ™3 range, the fitted ioniza-
tion level gets slightly larger values of E.—E,;
=45,...,65 meV. As will be discussed later, we feel
that these larger values are rather due to difficulties in the
exact determination of the Fermi level than ‘real”
changes in the position of the ionization level of the va-
cancy defect.

In addition to the temperature behavior of 7,, the ion-
ization level E-—E; can also be obtained from the
room-temperature data of Fig. 6. At 300 K, the Fermi
level can be directly calculated from the measured carrier
concentration, and no assumptions of the temperature
dependence have to be done. The values of E.—Ej are
indicated for all samples in Fig. 6, and the solid line cor-
responds to a fit of Eq. (21) with a vacancy ionization lev-
el at E-—30 meV. In Fig. 6 it is evident that the room-
temperature data is in a good agreement with the temper-
ature behavior of 7,. The same Fermi functions f, . with
an ionization level at E-—30 meV can be used to model
both types of data. The dependence of 7, on both tem-
perature and carrier concentrations can thus be explained
with a single parameter, the Fermi level Ej.

In a more detailed analysis of the ionization level, we
have to take into account the effects of the degeneracy
factor g and the dependence of positron trapping
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coefficient on the charge of the vacancy. Unfortunately,
the internal degeneracies of the monovacancies in GaAs
are not well known. In addition to spin degeneracy, the
possible lattice relaxations at the ionization process can
also have large influence on the value of g, and, conse-
quently, on the Fermi function f,+. However, the experi-
mental determination of g from the shape of the 7,=r,
(EFr) curve is unreliable due to statistical scattering in the
lifetime component 7,.

In principle, the ratio of the positron trapping
coefficients p. s could be determined from the trapping
rates k at the two monovacancy defects on both sides of
the transition 257 ps<>295 ps. However, at low tempera-
tures of 7' <150 K this is not possible due to additional
positron trapping at negative ions.® The trapping
coefficients u , and pup can also have different tempera-
ture dependencies, which result in a temperature depen-
dent ratio pu.4. In our results, experimental information
of w.s can only be obtained from the sample with
n=1.2X10"7 cm™3 In this sample, the transition
257«>295 ps occurs at a temperature range of 200—600
K, where the negative ions do not have an influence on
the average lifetime.

In the sample with » =1.2X10'7 cm ™3, the average
positron lifetime decreases with temperature from 243 ps
at 200 K to about 238.5 ps at 600 K. The decrease of 7,,
takes place during the transition 257 ps<>295 ps, i.e., dur-
ing an increase in the second lifetime 7,. This is a clear
sign that the positron trapping coefficient is smaller in the
monovacancy with 7,=295 ps than in the configuration
with 7,=257 ps. Using Eq. (7), the positron trapplng
rates at the two monovacancies become K 4=3.7 ns™
(r4=257 ps, T=150 K) and k3 =0.58 ns~ ! (7, =295 ps,
T =600 K). The ratio of the trapping coefficients at the
two monovacancy defects is thus pge=p /U =k 4 /Kg
=6=*1. However, we have to emphasize that this value is
only a rough estimate, because we have omitted the possi-
ble temperature dependence of the positron-trapping
coeflicients.

The influence of g and u.s on the ionization level
E.—E; of the monovacancy was tested by fitting Eq. (21)
to the experimental data with the ratio u./g =2.5.
With a value of u =35, the ratio u.4/g =2.5 thus corre-
sponds to a degeneracy factor of g =Zz/Z ,=2. This
spin degeneracy can be expected if the vacancy changes,

TABLE II. The fitted ionization levels in various samples in the lifetime transition 257<>295 ps of
the native monovacancy defect. The influence of the positron-trapping coefficients is studied by chang-
ing the parameter p.q which is the ratio of the trapping coefficients at monovacancies with positron
lifetimes of 257 and 295 ps, respectively. g is the degeneracy factor of the ionization level.

Carrier

concentration (cm™?3)

Ionization level (meV)
with g =1 and p4=1

Ionization level (meV)
with p.z/g =2.5

1.9x10% 27+5 20+4
4.6 X 10" 30+5 22+4
2.5X10' 30+4 20+3
6.2X10'¢ 32+6 17+4
1.2x 10" 4549 2245
1.8 10" 65+15 35+9
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e.g., from a spin-paired configuration (Z,=1) to a
charge state with one unpaired electron (Zz=2). Using
these parameters to fit Eq. (21) to the experimental data
(Figs. 4 and 7), the ionization level E.—E; gets the
values also given for all samples in Table II.

The experimental lifetime component 7, could well be
modeled with Fermi functions f + with ps/g =2.5, and

the best fits do not differ noticeably from the solid lines in
Figs. 4 and 7. In all samples with the carrier concentra-
tion of n =1.9X10" to 1.2X10'7 ¢m ™3, the same values
of E;—E;=20%3 meV were obtained for the ionization
level E-—E;. Also in the analysis of the room-
temperature data of Fig. 6 with u.4/g =2.5, the position
of the ionization level was obtained as E;—E;=20%5
meV. This value is smaller than the result
E.—E;=30%x3 meV found in the previous analysis,
where the trapping coeflicients of the degeneracy factors
were omitted (u.4s=1 and g=1). In conclusion, the
influence of these parameters to the position of the mono-
vacancy ionization level at E-—30 meV is thus typically
10 meV.

In the sample with n=1.8X10" cm™3, a slightly
higher value of E.—E; =35 meV was obtained for the
ionization level E-—E; of the monovacancy defect. The
same tendency was found also in the fits with u =1 and
g =1. However, we feel that this discrepancy is mostly
due to the difficulties in the exact determination of the
Fermi level, because we have omitted the following com-
plications in our simple calculation of Ej: (i) the effective
mass of the conduction electrons depends on temperature
at 20—600 K, % (ii) the conduction band is not completely
parabolic, which changes the effective density of states
especially, when n>10'7 e¢cm™3 % and (iii) the donor
atoms are not independent of each other at the doping
level of 1017 cm™3,% and the formation of the consequent
impurity band changes the temperature dependence of
the Fermi level. Due to these difficulties in the analysis
of the samples with a carrier concentration of the order
of 10'7 cm ™3, we feel that the values of Ec—E; obtained
in the lightly n-type samples (n =10'3-10' cm™?) are
more reliable.

We can thus summarize our analysis of the tempera-
ture dependence of 7, as follows. We have found a rever-
sible transition between two different types of monova-
cancies, and we attribute it to an ionization process. The
transition is controlled by the position of the Fermi level
in the energy gap, and it takes place when the Fermi level
crosses an ionization level at E. —E;=30%3 meV. This
value is affected typically 10 meV by different values of
the degeneracy factors and the positron trapping
coefficients at the two charge states of the monovacancy
involved.

3

C. Transition in the positron-trapping rate k —0

After the lifetime transition 257 ps<>295 ps in the
trapped-positron lifetime 7,, the average lifetime is ob-
served to decrease strongly as a function of temperature
(Fig. 2). During this decrease, the lifetime component 7,
remains constant (7,=295 ps). The decrease in 7,, is
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shown in Fig. 5 in terms of the positron-trapping rate «,
which is calculated from the one-defect trapping model
using Eq. (7). It is especially interesting to note that the
changes in k are shifted to higher temperatures when the
carrier concentration of the sample increases. This sug-
gests strongly that the transition k—0 is controlled by
the Fermi level in a similar way as discussed above in the
case of 7,.

The positron-trapping rate is shown in Fig. 8 as a func-
tion of the Fermi-level position in the energy gap. The
trapping rate « has been normalized to the value k, ob-
tained at low temperatures before the transition takes
place (Table III). In Fig. 8 it can be directly seen that the
decrease of the trapping rate from the k, level occurs in
all samples at the same position of the Fermi level, al-
though the carrier concentrations and the measurement
temperatures are different for each of the curves. Hence,
the transition k—0 seems to be a Fermi-level controlled
process.

The simplest Fermi-level controlled process with a de-
crease in the positron trapping rate is an ionization of a
vacancy defect with a subsequent decrease in the trapping
coefficient . The vacancy with 7,=295 ps was attribut-
ed in Sec. VI A to a monovacancy. The change observed
as a function of the Fermi level corresponds thus to an
ionization at which the monovacancy changes to a more
positive charge state by emitting an electron. In good

n=646x1015

POSITRON TRAPPING RATE K/ K,

0 100 200

FERMI LEVEL E_ -E, (meV)

FIG. 8. Positron-trapping rate « at vacancy defect as a func-
tion of the position of the Fermi level Ey in reference to the bot-
tom of the conduction band E.. The solid lines are fits of Eq.
(24) with an ionization level of vacancy defect E; given in Table
III for each of the curves. The influences of the positron-
trapping coefficients pp /u 4 and degeneracy factors g to the fits
are demonstrated for two of the samples. The carrier concen-
tration n are given in cm ™ in the figure.
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TABLE III. The fitted ionization levels in various samples in the transition of the positron-trapping
rate k—0 of the native monovacancy defect. The influence of the degeneracy factor g is studied with
fits corresponding to g =1 and g =4, respectively. k, is the estimated value of positron-trapping rate

before the transition k—0 occurs.

Carrier Trapping Ionization level (meV) Ionization level (meV)
concentration (cm™?) rate «, (ns™?) with g =1 with g =4

1.9x 10" 2.2 11511 14514

4.6Xx10" 2.9 120+12 15516

2.5X10'° 6.3 90+7 133+10

6.2X10' 3.5 75+6 12510

qualitative agreement with theory,!! the trapping
coefficient and thus the trapping rate decreases in Fig. 8,
when the vacancy defect becomes more positive.

The ionization level of the transition k—0 can be ob-

tained by fitting Eq. (24) to the experimental trapping
rate k. In Eq. (24), the ratio of the positron-trapping
coefficients up /1 4 and the degeneracy factor g are un-
known parameters in addition to the ionization level E;.
First, we have fixed g at different values between 0.5 and
6 and studied the effects of the ratio up /u 4. This quanti-
tative analysis is illustrated in Fig. 8 with the crystal
doped at the carrier concentration of n =2.5X10'®
cm” °.
In the sample with n =2.5X10'® cm™3, the analysis
shows that ratios less than ugz /1 4, =0.03 must be applied
in order to fit Eq. (24) to the experimental data, when g
varies in the range of g =0.5-6. These values of pg/u 4
are much smaller than the ones which can be deduced
from the trapping rates at 250 and 550 K. The trapping
rates at 250 and 550 K are 5.6 and 0.42 ns~ !, which sug-
gests that the ratio of the trapping coefficients would be
roughly up/u ,~=~0.1. However, the fit of Eq. (24) with
up/n4=0.1 yields to much too high values of « at large
E.—E; (Fig. 8), thus indicating that the ratio
up /1 4=0.1is much too large to reproduce the experi-
mental data by Eq. (24). Therefore, the trapping
coefficient must decrease by more than a factor of 10 in
the transition of the trapping rate in Fig. 8. In practice,
we can thus conclude that the trapping coefficient is
changed to zero in the transition of Fig. 8, and the ex-
ponential tail of the Fermi function is able to explain the
slow decrease of the trapping rate at 400—600 K in Figs.
5 and 8.

When the second term in Eq. (24) is omitted due to
up /1 4—0, the transition k—0 can be described directly
by the Fermi function of the ionization of a monovacan-
cy. In addition to the ionization level E;, the shape of the
Fermi function f is also determined by the degeneracy
factor g =Zz /Z , [Eq. (11)]. To study the influence of g
we have varied it at the range of g =0.5-6 with ug/u 4
fixed to zero as explained above. Fits with g =1 and
g =4 are shown in Fig. 8 for the data measured in the
sample with n =6.2X 10 cm™3. As seen in Fig. 8, the
nondegenerate Fermi functions (g =1) are much too
broad to fit to the experimental values of positron-
trapping rate. A value of g =4 was required to repro-

duce well the shape of the experimental « in all four
curves of Fig. 8. This suggests that a relatively large
change in the internal degeneracy is present in the ioniza-
tion process of the monovacancy. Furthermore, the de-
generacy Zp of the charge state with no positron trap-
ping seems to be clearly larger than the degeneracy Z , of
the state corresponding to positron trapping with
7,=295 ps.

The fitted values of the ionization level E; of the transi-
tion k—0 are given for the degeneracies g =1 and g =4
in Table III. The solid lines in Figs. 5 and 8 correspond
to fits with g =4. With this degeneracy, the ionization
level gets values in the range of 125-155 meV in all sam-
ples. As a mean value of the data, the ionization level of
the monovacancy is thus found at 140+15 meV below the
conduction band. The fits with no degeneracy factor
(g =1) yield a lower value of E.—E;=100%£15 meV.
The ionization level is thus at 100-140 meV at any
reasonable value of the degeneracy factor g.

In conclusion, we have observed a Fermi-level-
controlled transition in the positron-lifetime spectrum, at
which the trapping coefficient to a monovacancy defect
decreases to zero. We attribute it to an ionization pro-
cess of the monovacancy to a less negative state. The
ionization level is at 140+15 meV below the conduction
band. This value is affected less than 40 meV by the
different degeneracies of the ionization level.

D. Identification of the ionization processes

To summarize the analysis explained in the previous
sections, we have observed two ionization processes of a
monovacancy defect, when the Fermi level moves in the
upper part of the energy gap. The ionization takes place
at Ec—E;=30 meV and at E.—E; =140 meV. In the
first process, the positron lifetime in the vacancy defect
changes radically from 257 to 295 ps. The second ioniza-
tion can be characterized by a large decrease in the
positron-trapping coefficient. In this section we shall dis-
cuss the origin of these transitions and attribute them to
the ionization of the As vacancy.

The monovacancies in GaAs can exist in either the Ga
or the As sublattice. From theoretical calculations,?6~28
it has been generally accepted that the ionization levels of
V. are in the lower half of the energy gap, whereas the
ionization levels of ¥, are in the upper half of the gap.
We observe two ionization processes of a monovacancy in
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the upper part of the energy gap close to the conduction
band. Hence, it is straightforward to relate the transi-
tions in the positron-lifetime spectra to changes in the As
vacancy. Supporting this argument, positron trapping at
native vacancy defects has never been observed in any po-
sition of the Fermi level in p-type material, where the As
vacancy should be positive and thus repulsive to posi-
trons according to theoretical calculations.?6”2® We can
thus conclude that the native monovacancy present in
GaAs is V. This interpretation is supported also by our
earlier experiments in as-grown or electron-irradiated
GaAs.>8 Unfortunately, positron lifetime does not indi-
cate whether the As vacancies are isolated or associated
to other point defects like impurities and antisites.

According to theoretical calculations, positrons get
trapped at neutral or negative monovacancies, but not at
vacancies which have a positive charge.!! The order of
magnitude of the changes in the trapping coefficient yu re-
sulting from a change of the monovacancy charge state
has also been estimated.!! Roughly, a charge transition
2— —1— decreases the trapping coefficient at room tem-
perature by a factor of 3 and a charge transition 1——0
by a factor of 6. There is a decrease of more than an or-
der of magnitude in u, when the monovacancy becomes
positive. In our positron experiments, we find a decrease
in u by at least a factor of 30 in the ionization process at
140 meV below the conduction band. In comparison
with the theory, it is thus natural to associate this transi-
tion to the ionization 0— 1+ of the monovacancy defect.
Above we identified the monovacancy to ¥,,. We can
thus conclude that the As vacancy changes its charge to
positive when the Fermi level crosses an ionization level
at 140 meV below the conduction-band edge. However,
we emphasize that if V,, is bound to a defect complex,
the charge states must be understood as total charges of
the whole complex and not as specific states of ¥V, in it.

The ionization process 7,=257 ps<295 ps at
E-—E;=30 meV takes place closer to the conduction
band than the transition 0—1+ of V,, at Ec —E; =140
meV. The process thus corresponds to a transition be-
tween two more negative states of the monovacancy than
singly positive state. Between 30 and 140 meV we see no
transitions in the vacancy defects. It is thus natural to
identify the transition at 30 meV to the ionization
1— —0 of the monovacancy. The change of the trapping
coefficient in this transition was estimated to be a factor
of 6X1 in Sec. VIB2. This value is in a good agreement
with the ratio of the trapping coefficients which has been
calculated for modelized single negative and neutral va-
cancies.!! Using the simple identification to ¥, we can
attribute the lifetime transition 257 ps<»295 ps in 7, to
the ionization ¥V ,,— V%, Again, we point out that if
V as is associated to a defect complex, the charge transi-
tion observed here reflect ionizations of the whole com-
plex and not necessarily those of ¥, in it.

We have previously attributed the xk—0 transition at
140 meV possibly to ionization Vi —¥V$,.2 However,
the analysis of the Fermi functions explained in Sec. VIC
suggests strongly that the trapping rate « decreases by
more than 1 order of magnitude in the ionization process.
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The positron-lifetime experiments in Si give also evidence
that neutral vacancies can act as efficient positron traps
with not very different trapping coefficient at 300 K com-
pared to negative vacancies.!%?? In our earlier paper’ we
also considered a bistable reaction Vg,— Vs +Asg,
(Ref. 29) as a possible origin of the transition 7,=257
ps<>295 ps at 30 meV. On the basis of our new results,
this reaction seems to be less likely, because the change in
the trapping coefficient should be more than the factor of
6 we estimated in Sec. VIB2. With the charge state of
3— for V5, (Refs. 26 and 27) and the total charge of O for
(V as-Asg,) complex, the total charge would change from
3— to O instead of the change from 1— to O during the
transition 7, =257 ps—295 ps.

Our lifetime experiments suggest strongly that As va-
cancy has a neutral and a negative charge state in the
upper part of the energy gap. This result is supported by
recent theoretical calculations,?””?® but not those calcula-
tions according to which the As vacancy is always in a
positive charge state.”® However, the positions of the
ionization levels are not very close to those given by the
theory. For example, we find a level of E.—E; =140
meV for the VQ,— Vi, reaction, whereas a value of
E.—E;=320 meV was obtained for the same ionization
level in the calculations.?’” However, we feel that the
basic disagreement with the theory is not very strong
since the same type of charge states for V5, are obtained
both in calculations and in our experiments. In addition,
if the vacancies seen in our experiment are not clean but
decorated, the ionization levels can be expected to be
different from the levels of isolated monovacancies.

Our ionization levels for ¥V, are close to the values ob-
tained experimentally by DLTS in electron irradiated
GaAs.>%3! In fact, Loualiche et al. have suggested that
V 5s may have even a double negative state close to the
conduction band.?! In as-grown material, only a few ob-
servations on electron levels close to the conduction band
have been reported.32 Walukiewicz, Lagowski, and Ga-
tos3 have suggested that there is a shallow donor state at
about 20-30 meV below the conduction band, and ac-
cording to Ref. 32 this state could be associated with the
EL2 defect in GaAs. Indications of the 30-meV (Ref. 34)
and roughly 120-meV (Ref. 35) electron levels have also
been observed in temperature-dependent Hall experi-
ments. Our positron results suggest that these levels are
associated to the ionization of As vacancy. We have
checked following the same experimental procedure as in
semiinsulating GaAs (Ref. 36) that the as-grown vacan-
cies in n-type GaAs do not have the same metastability as
EL2.

In the ionization 1— —0, we find a large change from
257 to 295 ps in the lifetime of positrons trapped at na-
tive monovacancies. This large change can only be ex-
plained by a strong lattice relaxation at the ionization
process. Because positron lifetime depends on the open
volume present in the vacancy, the 38-ps lifetime increase
in the transition 1——0 is a clear sign that the negative
configuration of the native monovacancy is inward re-
laxed compared to the structure of its neutral state. On
the basis of theoretical calculations, we can estimate that
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the difference in the relaxation is about 10% in the
breathing mode.’” In the simple identification of the
monovacancy defect to As vacancy, we can conclude that
the state V ., is strongly inward relaxed compared to V3,.
This trend is suggested also by the recent self-consistent
ab initio molecular dynamics calculations.®

In conclusion, we have found two ionization levels of
monovacancies at 30 and at 140 meV below the conduc-
tion band. We attribute the 30-meV level to the ioniza-
tion ¥V, — VS, and the 140-meV level to V9, —V ..
Our results show that V, is strongly inward relaxed
compared to V..

E. Concentration of As vacancies in as-grown GaAs

For the estimation of the concentration ¢, of As vacan-
cies in our n-type GaAs samples, the value of positron
trapping coefficient pu,; has to be known [Eq. (3)]. Unfor-
tunately, in semiconductors the exact value of u, is still
an open question. The theoretical calculations suggest
values of 4X 10’ and 2.5X 10'° s ™! for neutral and nega-
tive vacancies, respectively.!! In electron-irradiated
GaAs, we have estimated that u, >6X10" s~! for Ga
vacancies with a charge of 3—.% In electron-irradiated
P-doped Si positron trapping at neutral and negative
vacancy-phosphorus pairs have recently been studied.??
The results indicate that the positron trapping
coefficients at 300 K are roughly 2X 10 s™! and 1 X 10"
s~ ! at the negative and neutral states of (V-P) pairs, re-
spectively.”? In electron-irradiated Si, positron trapping
coefficients of 3.5X10!° and 1X 10" s~! have also been
estimated for negative and neutral divacancies, respec-
tively.® Both experimental and theoretical results thus
suggest a value of typically u,=2X10" s™! for
positron-trapping coefficient at negative vacancies at 300
K.

In the samples studied in this work, the trapping rate k
at vacancies can be accurately calculated at 300 K in
highly n-type GaAs (Si: 2.0X 10!%). In this sample posi-
tron trapping is observed at only one charge state of the
native vacancy, which is ¥V, according to our
identification. The average lifetime at 300 K in this sam-
ple is 7,,=240 ps (see Table I), which gives a trapping
rate of k=2.3 ns~ ! [Eq. (7)]. With a trapping coefficient
of u;=2X10" s~!, we get a vacancy concentration of
c;=5X%10' cm 3. This value is slightly smaller than our
earlier estimates of 2X10!7 cm™3,2 but it is closer to the
point-defect concentrations generally believed to exist in
as-grown GaAs.*? In summary, we conclude that posi-
trons detect vacancies typically at concentrations
(5-10)X 10 cm 3 in n-type GaAs.
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VII. CONCLUSIONS

We have investigated systematically by positron-
lifetime experiments the properties of native vacancies in
as-grown GaAs. Especially, the ionization processes of
vacancies were studied by measurements as a function of
temperature at 10-600 K in n-type samples with carrier
concentrations of n =10'°-10'"® cm 3. We report also on
experiments in p-type samples with p=5X10' to
2X 10" cm™3. In contrast to n-type GaAs, no signs of
native vacancies were observed in p-GaAs.

In n-type GaAs, two types of monovacancies were
found with positron lifetimes of 257%3 and 295+3 ps, re-
spectively. The existence of the two configurations can
be related to the position of the Fermi level in the energy
gap in all samples. The transition between the two types
of monovacancies takes place when the Fermi level
crosses electron level in the gap at E-—30 meV. More-
over, the positron trapping rate at a monovacancy with
the lifetime of 295 ps is observed to decrease strongly to-
ward zero, when the Fermi level crosses another electron
level at E- — 140 meV

We associate the observed Fermi-level-controlled tran-
sitions to ionization processes of native monovacancy de-
fects. The monovacancies may be isolated or bound to a
defect complex. At E-—140 meV, the defects involving
monovacancies are ionized from neutral to positive,
whereas at E. —30 meV they exhibit a charge transition
1——0. We attribute the monovacancies to ¥V, , and
hence the ionization processes to V., — V3, (Ec—30
meV) and VS, — V1, (Ec—140 meV), respectively. The
large lifetime change from 257 to 295 ps in the ionization
Vas— V3, indicates further that the negative
configuration of the native As vacancy is strongly inward
relaxed compared to neutral ¥V, . If the monovacancy is
part of a defect complex, the charge states given above
should be understood as the total charges of the complex.

The present results thus show that all aspects of posi-
tron trapping in n-type Si or Sn-doped GaAs can be relat-
ed to the position of the Fermi level in the energy gap in
a large variety of sample doping levels and measurement
temperatures. Furthermore, they show that positron-
lifetime experiments can be used to get information on
the different charges of vacancies and their ionization lev-
els in the energy gap. In comparison with theoretical cal-
culations, the changes in the positron lifetimes can also
be used to characterize the lattice relaxations induced by
the vacancy ionization process.
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