
' /j- \ ' ' ' • - -
i

r / . • • ; • - '

VACANCIES AND NEGATIVE IONS IN GaAs
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ABSTRACT

We use positron lifetime studies performed in GaAs materials to show the defect properties which can be
investigated by implanting positive positrons in semiconductors. The studies concern native and electron
irradiation induced defects. These studies show that vacancy charge state and vacancy ionization levels can
be determined from positron annihilation. They show also that positrons are trapped by negative ions and give
information on their concentration.

1. INTRODUCTION

Positron annihilation is a powerful tool to investigate vacancy - type defects in solids [1]. Bulk studies are
performed by implanting positrons emitted from radioactive isotopes. Near - surface studies are nowdays also
possible due to the development of monoenergetic beams of slow positrons [2].

The application of positron annihilation to defect studies in semiconductors has increased in the past years
[3.4] and has provided new information on the structure, concentration and charge state of the vacancy - type
defects. Several studies have been performed on the Ml-V GaAs compound either as-grown, deformed or
irradiated (see refs. in [3,4]). In this paper, we focuss on GaAs materials that we have more specially studied
to show the defect properties which can be investigated by implanting positive positrons in semiconductors.

In Sect. 2, we shortly recall the necessary background for understanding positron annihilation spectroscopy of
defects in semiconductors. In Sect. 3, we present a study concerning native defects in bulk GaAs. It is shown
that native vacancies exist in bulk n-type GaAs. The position of their ionization levels in the gap is determined
[5,6]. In Sect. 3, we report an investigation on the structure of the EL2 defect. Positron indicate that negative
vacancies are generated in semiinsulating (SI) GaAs when the defect EL2 has been converted to its
metastable configuration after optical illumination [7]. In Sect. 4, we present a study on irradiation effects [8].
Positrons give evidence that in addition to vacancies, a huge quantity of negative ions are produced by
electron irradiation in SI-GaAs.

The studies presented in Sects. 3-4 are bulk studies using the positron lifetime technique. For near - surface
studies, the reader is referred to e. g. [9] where vacancy profiles in the near surface region and vacancy-
impurity interaction are investigated in hydrogen implanted GaAs.

2. POSITRON TRAPPING AND ANNIHILATION IN SEMICONDUCTORS

In materials, positron-electron annihilation gives information on the electronic structure in the region sampled
by positrons [1], In crystals, positrons may exist either delocalized in extended Bloch states or localized at
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defects. Consequently, positron annihilation gives information on bulk electronic structure as well as on
defects. Positrons are positive and they are strongly repelled by the positive ion cores. In vacancy-type
defects, atoms are missing and positrons can get trapped in the open-volume of the vacancy-type defects. In
semiconductors, positron trapping at defects is analogous to carrier capture at defects. The trapping
coefficent at a defect depends on the charge state of the defect. Only neutral or negative vacancy-type
defects can trap positive positrons in semiconductors [10]. At 300 K, the trapping coefficient at
monovacancies varies from 1014 to 1016 s "1 depending on the charge state and semiconductors. The
trapping coefficient at negative vacancies increases strongly at low temperature [10], contrary to that of
neutral vacancies.

The positron lifetime depends on its annihilation state. The annihilation rate in a given state, i. e. the inverse of
the lifetime, is proportional to the overlap of the electron and positron densities. Positron trapping at vacancy-
type defects is characterized by lifetimes longer than in the bulk because localized positrons encounter less
electrons in the region of the vacancy-type defects than in bulk. The positron lifetime due to annihilation in a
defect can be used as a fingerprint of the open-volume associated to the defect. In semiconductors, the
lifetimes vary in the range 200.400 ps. For a given vacancy-type defect, e. g. a vacancy, an important
question is the sensitivity of the positron lifetime to its charge state. The addition or removal of an extra
electron at a vacancy is usually followed by lattice rearrangement around the vacancy. Calculations show that
this rearrangement may induce lifetime changes of the order of 10 ps. They show also that the lifetime is
nearly independent, within 3-5 ps, of the charge state in a frozen lattice [11-13].

In conclusion, it is usually possible to discriminate the various positron annihilation states from positron
lifetime measurements. One can determine the positron lifetimes and the trapping rates associated to them.
This enables to investigate three properties of vacancy-type defects: the size of the open-volume via Td, the
total charge via the positron trapping coefficient U0- and the concentration via the trapping rate kd

3. IONIZATION LEVELS OF NATIVE VACANCIES IN GaAs

To characterize native defects in GaAs, we have systematically measured positron lifetimes as functions of
temperature and carrier concentration in various as-grown crystals. The GaAs crystals were either grown by
liquid-encapsulated Czochralski or Bridgman technique with conduction varying from p-type ( p (300 K): 101°-
10 1 8cm'3 ) to semi-insulating and n-type (n (300 K): 1015-10 1 8cm'3 ) [5-6]. It was found that the positron
lifetime and its temperature dependence varies strongly with the conduction type of the crystals.

In p-type GaAs, there is no evidence of vacancies. Positron annihilate with a single lifetime of 231 ± 1 ps
nearly independent on temperature. The situation is similar in most of the SI GaAs crystals. The lifetime of 231
ps corresponds to the lifetime of positrons delocalized in bulk GaAs in good agreement with calculations [11-
13],

In n-type GaAs, vacancies are found and the positron trapping at the vacancies exhibits two interesting
properties. The first one is a lifetime transition. The lifetime T2 of the positron trapped at the vacancies
increases reversibly from 257 ± 3 ps to 295 ± 3 ps as temperature increases. The transition is shifted at higher
temperature from about 80 K to 500 K as the electron concentration n (300 K) increases from 1.9 1015 to 1.8
10 *7cm"3. The transition occurs also over a wider range of temperature. The transition disappears in heavily
doped crystals where the lifetime remains 257 ps from 15 K to 600 K. The second property is a transition of the
trapping coefficient. The positrons trapped at the 295 ps vacancy have a trapping rate k2g5 which decreases
strongly and tends towards zero as temperature increases. The transition K295 - 0 shifts also at higher
temperature from about 300 K to 400 K as the electron concentration n (300 K) increases from 1.9 1015 to 6.2
10 ^enrr3. These effects of the carrier concentration on the temperature behaviour suggest that the lifetime
transition 257 - 295 ps as well as the trapping rate transition k2g5 - 0 are both Fermi level controlled
processes.

The role played by the Fermi level in the transition 257 - 295 ps is clearly seen in Figure 1. The transition
occurs in the same narrow range of Fermi level positions altough the electron concentrations n (300 K) vary
over two orders of magnitude. The lifetime increases continuously from 257 ps to 295 ps when the Fermi level
shifts down in the energy gap from 0.10 meV to 0.50 meV below the minimum Ec of the conduction band. This
means that the native vacancy has two distinct configurations in the half-upper part of the energy gap. The
configuration 257 ps corresponds to an open volume smaller than the configuration 295 ps. Calculations [13]



indicate that the relaxation in the breathing mode should be about 5 -10 % inwards to decrease the lifetime in
the vacancy from 295 ps to 257 ps.

The occupancy of a configuration of the vacancy can be described as function of the Fermi level position Ep
by a Fermi distribution

f (Ep) = (1 + g exp (E1- Ep)- I (1)

The energy E j is the transition level in the energy gap. The factor g is the ratio Z/Z' of the internal
degeneracies Z and Z of the ground states corresponding to each configuration, respectively. For a large
concentration of vacancies, the lifetime T2 of the trapped positrons is an average

T2 (Ep) = f * (Ep) 257 + ( 1 - f * (Ep)) 295 (2)

The function f* is the function f of Eq. 1 where the factor g has been replaced by (g u ' / u ) to take into
account that the trapping coefficient u and u ' at the configurations 257 ps and 295 ps respectively can be
different. The solid lines in Figure 1 correspond to the best fits of Eq. 2 to the experimental data T2. The fitted
values of the transition level are Ec - (30 ± 10) meV. The ratio u " / u is estimated to be greater than 1 and
about 6 ± 1.

Figure 2 shows that the transition k2g5--0 is also Fermi level controlled. The trapping rate decreases in the
same range of Fermi level positions (Ec-50 meV, Ec-150 meV) altough the electron conentration decreases by
an order of magnitude. In this transition, the configuration 295 ps of the vacancy disappears and no positron
trapping at other defects is seen. This transition corresponds to a decrease of the trapping coefficent at the
configuration 295 ps. If the trapping coefficient decreases by a factor > > 10 in the transition, the trapping rate
l<295 is directly proportional to the occupancy of the configuration 295 ps. The solid lines in Figure 2 are
obtained by Fitting Eq. 2 to the experimental data k / k0 normalized to the trapping k0 at the temperature T0

before the transition. The values of the transition level in the fits are found to be Ec- (140 ± 15) meV.

The native vacancy has three configurations in the half-upper part of the gap. We relate them to the three
charge states V'1, V0 and V+ in the following way. When the Fermi level moves below Ec- 140 meV, the
positron trapping coefficent at the vacancy decreases by more than an order of magnitude. Calculations [10]
show that such big variations of the positron trapping coefficient are obtained when a vacancy changes its
charge from neutral to positive. We identify the transition k2g5--0 at Ec-140 meV to a charge state transition
V0 ~ V+ of the native vacancies. Then, the lifetime transition 257 ~ 295 at Ec- 30 meV can be simply ascribed
to the charge transition V 1 - V0 of the native vacancies. We have seen that as it may be expected from
calculations [10], the trapping coefficient is higher at the configuration 257 ps which is negative than at the
configuration 295 ps which is neutral.

To discuss the nature of the native vacancies, we use the property that they have two ionization levels in the
half upper part of the gap. These ionization levels are close to the few levels at Ec- 20...30 meV and Ec-140
meV which have been observed earlier by electrical measurements in as-grown GaAs [14-16]. They are also
close to those at Ec- 40 meV and Ec- (140...180) meV found earlier by DLTS [17-18] and DLOS [18] after
electron irradiation and asssigned to V"2As - V"1

As and V"1
As - V ° A s respectively. They are also located in

the region where computations give ionization levels for the arsenic vacancy [19- 20]. A natural conclusion is
that the native vacancy involves the As-vacancy. The As-vacancy can be isolated or bound to impurities or
antisites.

In summary, positron annihilation shows that native vacancies exist in as-grown n-GaAs and gives the
position of their ionization levels in the energy gap. The simple model where the native vacancies are identified
to the isolated As- vacancy leads to conclude that the As- vacancy has its ionization levels V"1

 A s - V ° A s and
v°As ~ v + A s located at about Ec- 30 meV and Ec-140 meV respectively.

4. METASTABLE VACANCIES AND EL2 DEFECTS IN GaAs

The defect EL2 is a native midgap donor in GaAs [21] By compensating residual acceptors, it plays an
important role in the growth of undoped semi-insulating GaAs. Due to the technological importance of Sl-
GaAs substrates, considerable experimental and theoretical efforts have been devoted to the determination of
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Figure 1. Positron lifetime at native vacancies as a
function of the Fermi level position [6].
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Figure 2. Trapping rate at the 295 ps vacancy
configuration as a function of the Fermi level [6].
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Figure 3. Recovery of the positron lifetime and
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its atomic structure. However, the structure of the EL2 defect is still a matter of controversy.

A key property of EL2 is its metastability. The EL2 defect diasppears under 1.2 eV illumination at T < 100 K.
EL2 is regenerated without illumination by annealing at T>120 K in SI-GaAs and at T>40 K in n-GaAs. It is also
regenerated under 0.7-1.5 eV illumination by annealing at temperatures in the range 70-120 K. This
photoquenching of the EL2 defect is described as the optical induced transformation of its normal state EL2
to its metastable state EL2*. This photoquenching occurs without generation of new electrical or optical "*
signals which may be ascribed to the metastable state EL2*. The structure of EL2* is consequently a very J
speculative matter. ]

To investigate the positron behaviour when EL2 is photoquenched, we have performed positron lifetime and *
Doppler Broadening experiments in an optical cryostat [7]. The crystals were semi-insulating. The EL2
concentrations determined by infra-red absorption were (1 and 2. 5) 101 6Cm - 3 . The crystals were cooled in
darkness and illuminated in situ with monochromatic light of 1.2 eV. To check that the EL2 defects were
photoquenched by the illumination, infrared absorption was also measured.

Figure 3 shows that at 25 K there is a clear increase of the positron annihilation parameters after the
photoquenching of the EL2 centers. This property has been reproducibly observed in various other SI GaAs
crystals and indicate that vacancy-type defects are generated by the photoquenching. The trapped positrons
annihilate with a lifetime of 250±8 ps characteristic of a monovacancy in GaAs [11-13].

Figure 3 shows also that the positron parameters recover their value before illumination after annealing at
about 120 K where the EL2 infra-red absorption recovers, too. Optical recovery of the positron annihilation
parameters was also obtained at 80 K with 1.4 eV light. Therefore, the existence of the vacancy signal
correlates with the existence of the metastable state EL2*. A metastable vacancy is generated when EL2 is
converted to its metastable state EL2*.

In Figure 3, the ratio of the trapping rates at the metastable vacancy is about 2.8 in reasonable agreement
with the ratio 2.5 of the EL2 concentrations in the crystals. This suggests that the concentration of metastable
vacancies is proportional to the concentration of EL2 defects. The temperature dependence of the trapping
rate, which is that of the trapping coefficient at the metastable vacancy u*, is shown in Figure 4. This strong
decrease of u* with increasing temperature is characteristic of negatively charged vacancies [10]. The
absolute value of the trapping coefficient at 25 K, u* = 3 101 5 s*1, is small compared to the values of about
101^ s"1 determined for isolated negative vacancies in Si at 20 K [22]. This may indicate that the negative >u
charge is centered off of the metastable vacancy. " <>

In some SI-GaAs crystals, there is already positron trapping at a negatively charged vacancy-type defects
before illumination. Even at low temperature, this trapping remains weak (3 or 6 ps) and the lifetime at the
defect is difficult to resolve. Assuming that the lifetime is 250 ps, we can calculate the trapping rate at the
vacancies. Figure 4 shows that the trapping coefficient at the stable vacancy u has a temperature
dependence clearly distinct from that of the metastable vacancy. This means that the structures of the
metastable and stable vacancy are different.

In summary, positrons detect a metastable vacancy negatively charged when EL2 is photoquenched. This
vacancy has the same recovery properties as EL2 and its concentration appears to scale to the concentration
of EL2. The conclusion is that positrons may for the first time directly probe the atomic structure of the EL2 *
metastable state and show that it involves a negatively charged vacancy. It is however believed that the
charge state of EL2* is neutral. This means that EL2* is rather a complex involving another defect in addition
to the vacancy. A pairing of the type V" D + could explain the positron behaviour.

5. NEGATIVE VACANCIES AND NEGATIVE IONS AFTER ELECTRON IRRADIATION IN SI-GaAs

To have a better knowledge of the positron interaction with intrinsic defects in GaAs, we have performed
positron lifetime experiments in 1.5-3 MeV electron irradiated samples [8]. After irradiation at liquid hydrogen ,
the samples were transferred at liquid nitrogen in the positron cryostat and then measured as function of
temperature after in situ annealing in the range 77-450 K.

There is no positron trapping at vacancies in SI-GaAs before irradiation. Irradiation induced vacancies can
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therefore be easily observed. Irradiation effects are more complicated in n-type GaAs and are not reported
here.

After 1.5-3 electron irradiation and annealing at 77 K, positrons are trapped at irradiation induced defects in Sl-
GaAs and annihilate with a lifetime of 260 ± 3 ps. This lifetime is typical of positron trapping at monovacancies
[11-13]. The annealing of these vacancies occurs on a very broad range from 80-500 K. A sharp stage takes
place around 280 K. For fluences > 1017cnr3, vacancies are still found after ageing at room temperature. This
can be seen in Figure 5 where the positron lifetime has been measured as function of temperature in three
crystals annealed or aged at T>300 K after irradiation at the fluences (1, 5 and 13)x 1017 e'cnr2 respectively.
The positron trapping at the vacancies is clearly seen at room temperature where the average positron lifetime
T is well above 231 ps in the three crystals.

Figure 5 shows that the average positron lifetime decreases with temperature and can reach 231 ps at T<1OO
K. This means that the trapping at the vacancies decreases with temperature and can even completely
disappears at T<1OO K. This behaviour reflects positron trapping at other defects than the vacancies. The
defects are negative ions which trapped positrons at weakly bound Rydberg-like states. The positrons at the
Rydberg states are only weakly localized. They scan the interstitial regions in bulk GaAs as in the delocalized
state. Consequently, positrons trapped at Rydberg states annihilate with the same lifetime of 231 ps as in bulk
GaAs. The positron binding energy at the Rydberg state is small, 10 ... 100 meV, and thermal detrapping can
occur as temperature increases. In Figure 5, this thermal detrapping is marked by the increase of T at T>1OO
K. At high temperature, thermal detrapping from the ions becomes so high that positrons escape annihilation
at the ions. Only the vacancies trap the positrons. This temperature region corresponds to the high
temperature plateau observed in the curves of Figure S. The temperature where the plateau starts becomes
higher as the irradiation fluence increases. This reflects that the concentration of ions increases with fluence.

The average positron lifetime T in Figure 5 can be calculated in a model taking into account the trapping by
the ions and the vacancies and the thermal detrapping from the ions. The expression of T can be fitted to the
experimental data in Figure 5. The fitting parameters are the positron binding energy and the concentration of
the ions. The solid lines in Figure 5 correspond to fits with the positron binding energy equal to 41 ±4 meV
and the ion concentrations equal to the values shown in Figure 6. The concentration of ions is proportional to
the fluences in Figure 6. This shows that the negative ions are produced by the irradiation and are likely to be
primary defects. The introduction rate of the negative ions is high. It Is as high as 1.8+3 cm"1. These negative
ions are very stable: their concentration is unchanged up to annealing at 450 K.

A,- In a thermodynamic approach of the trapping and detrapping process, it has been established [23] that the
trapping kst and detrapping 5 rates at a positron trap are related by the expression (3) :

where cst is the concentration of positron traps , i. e. here the negative ions, and E0 the positron binding
energy at them. In Eq. 3, the quantities kst and cst are related by

K s t = UstCst . ( 4 )

where Mst the positron trapping coefficient per ion.

Figure 7 gives the Arrhenius plot of the ratios of the detrapping 6 to the trapping rates kst at the ions

S _ ^v (rt« - D Xj1 ( 5 )
K ( 1) K

calculated for each fluence by using the experimental curve T = f(T) in Figure 6 and the trapping rate at the
vacancies kv calculated from it. The solid lines in Figure 6 are obtained by calculating the ratio <5/kst from
Eq. 5 using the values for E0 and cst obtained in he fitting of the curves in Figure 5. The ratios <5/kst follow
well an Arrhenius law over one decade and half. The slope is the same for the three fluences reflecting the
same positron binding energy at the ions. The decrease of the ratio as fluences increases is due to the
increase of the ion concentration.

In summary, the positron lifetime measurements show that vacancies and negative ions are produced by



irradiation. At low temperature, the vacancies can compete with positron trapping at the negative ions. This
indicates that they are also negative. The conclusion is that irradiation introduces two-type of acceptors
defects: one is vacancy-like and the other ion-like. The simple intrinsic defects which are believed to be
negatively charged in SI-GaAs are the gallium vacancies and the gallium antisites. We identify the vacancies to
the gallium vacancies and the ions to the gallium antisites.

6. CONCLUSION

In this paper we have reported studies where positron annihilation was used to investigate defects in GaAs.
These studies show that positrons can yield new information on defects in semiconductors.

Positrons in semiconductors give the possibility to directly investigate the atomic structure of acceptor defects
and to determine their vacancy or ion nature. Positrons are very sensitive to the charge state of vacancies via
the positron trapping coefficient at the vacancies. The ionization levels of vacancies can be investigated from
the variation of the positron trapping coefficient as function of the position of the Fermi level. Positron lifetime
is sensitive to the breathing relaxation of the neighbouring atoms of a vacancy. Charge state transitions of a
vacancy are known to introduce lattice rearrangement around the vacancy. The ionization levels can be
investigated by measuring the positron lifetime at defects as function of the Fermi level.

By providing a defect spectroscopy where the vacancies can be directly distinguished from other defects,
positron annihilation appears to be as useful in semiconductors as in metals. In addition it provides a
spectroscopy of the negative ions in semiconductors, particularly useful to investigate intrinsic acceptor
defects.
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