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Identification of defect properties by positron annihilation in Te-doped GaAs after Cu in-diffusion
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Positron lifetime measurements and Doppler-broadening spectroscopy were combined to investigate the defect
properties during Cu diffusion in Te-doped GaAs. The diffusion of Cu was performed during an annealing step at
1100 ◦C under two different arsenic vapor pressures. The samples were quenched into room temperature water.
During a subsequent isochronal annealing experiment, it was found that vacancy clusters were generated and
grown, and finally they disappeared. The lifetime results show that, in addition to deep positron traps of vacancy
type, positron trapping with a lifetime close to the bulk value of 228 ps occurs. The positron lifetime results
give direct evidence of positron localization at shallow traps in GaAs:Te. Due to the Cu contamination during
the annealing process, the shallow trap is believed to be the Cu2−

Ga double acceptor. The concentration of shallow
traps is determined and found to be in good agreement with the concentration determined by Hall measurement.
It decreases up to saturation with increasing annealing. The positron binding energy to these negative nonopen
volume trap centers is determined to be 79 meV. It is found to be in agreement with the calculated value. Moreover,
coincidence Doppler-broadening spectroscopy shows clearly that Cu atoms are bound in the direct vicinity of the
observed vacancy-like defects. Theoretical calculations of momentum distribution predicted that one Cu atom
incorporated into a Ga site surrounds the observed open-volume defects.
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I. INTRODUCTION

GaAs as an extremely versatile semiconductor intended
for a wide range of electronic devices is one of the most
investigated material systems and the most important semi-
conductor besides silicon. Point defects play a major role on
the important properties of semiconductor materials such as
GaAs. They reduce the density of free carriers1,2 or mediate,
e.g. dopant diffusion.3 The detailed microscopic identification
of vacancies and vacancy complexes in GaAs was found
to be difficult. The theoretical calculations4,5 in addition to
diffusion studies3 indicate a predominant role of negative
Ga vacancies (VGa) in n-doped GaAs. In contrast, a recent
calculation showed that also the As vacancy (VAs) could be
an abundant defect in highly n-doped GaAs because of the
low value of formation energy.6 Furthermore, acceptor-like
vacancies with positive donor complexes also are expected
owing to Coulomb attraction. Evidence for such complexes is
given by photoluminescence,7 infrared absorption,1 and theo-
retical considerations of the doping behavior.2 SiGa-donor-VGa
complexes on cleavage planes of highly Si-doped GaAs were
identified by scanning tunneling microscopy (STM).8 But for
other n dopants, e.g. tellurium, no such direct identification has
been obtained so far. Positron annihilation spectroscopy (PAS)
has extensively served as a nondestructive probe for open-
volume defects in semiconductors.9 Open-volume defects (e.g.
vacancy-like defects) act as attractive and deep trapping cen-
ters for positrons. Positrons trapped in an open-volume defect
are accompanied with subsequent changes in their specific
annihilation parameters.10 Because of the reduced electron
density in these defects, the trapped positrons have longer
lifetimes and a narrower momentum distribution.10,11 Positron

annihilation spectroscopy application to semiconductors has
successfully led to reliable information on vacancy-related
defects, such as their concentration, their energy levels, or
charge states.12–15 Positron annihilation spectroscopy studies
showed the existence of native vacancies in n-doped GaAs.16,17

However, the positron lifetime measurement alone is not
able to identify the defects as a given isolated gallium18 or
arsenic16 vacancy or as a vacancy-impurity complex.17 This
difficulty can be overcome by performing positron annihilation
momentum measurements. The chemical surrounding of the
annihilation site can be identified using the high momentum
part of the momentum distribution.19–22 This is based on the
fact that tightly bound core electrons with high momenta
retain their element-specific properties. This permits the
identification of vacancies and vacancy-impurity complexes,
in particular when measurements are compared to theoretical
calculations of the momentum distribution.19

When the positron binding energy to the defects is very
small (�1 eV), consequently, the positron wave function
is weakly localized. These defects are identified as shallow
positron traps.23 The positron annihilation parameters in
shallow traps are practically very close to those in defect-free
bulk. Due to the weak binding energy, positrons are effectively
trapped only at low temperatures. At higher temperatures, they
are thermally detrapped. Impurities in semiconductors lead
to the formation of shallow levels for electron and holes in
the forbidden gap. The long-range Coulomb field around the
negative impurities may bind positrons to Rydberg-like states.
Their binding energies could be determined by the positron
effective mass. The existence of shallow positron traps is not
restricted only to negatively charged nonopen volume defects.
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Very small open-volume defects may also act as shallow traps
related to the small binding energy of the positron to the defect.
In metals, dislocation lines24–26 and grain boundaries27 have
been suggested to act as shallow traps. It has been observed that
the A center in Si9 shows a typical behavior of shallow traps.
Some of the difficulties which have been observed in positron
annihilation studies in semiconductors could be explained by
shallow traps.28–31 Positron annihilation was used to study the
defects in semi-insulating (SI) GaAs after Cu in-diffusion. It
was found that Cu atoms form double acceptors Cu2−

Ga which
act as a positron shallow trap.32

The coincident detection of both 511-keV gamma quanta
from one annihilation event reduces the disturbing background
and hence permits the observation of the high-momentum
annihilation distribution.19–21 Ga vacancies in Si-doped GaAs
were observed using coincidence Doppler-broadening spec-
troscopy (CDBS).33 However, the experiment could not deter-
mine whether the vacancies are isolated or forming a complex
because of the expected low contribution of SiGa donor on
the second adjacent site to the annihilation.33 Consequently,
the identification of the impurity-vacancy complexes in GaAs
using positron annihilation is still an open question. It is well
known that tellurium is incorporated into the As sublattice
only.2 If coupling with the nearest Ga vacancies occurs,
a detectable contribution to the annihilation is expected,
allowing for an identification of this complex. Nevertheless,
the momentum distribution for the vacancy cannot be unques-
tionably determined, especially when the fraction of trapped
positrons (η) is unknown. Thus, correlated positron lifetime
measurements are necessary to obtain η.34 The experimental
results are compared with theoretical calculations of the
annihilation characteristics to get a reliable interpretation.

Copper is found as an unintentional impurity in most
semiconductors. It determines the room temperature carrier
concentration and controls the electric properties of GaAs
crystals. Cu may be introduced during crystal growth or
subsequent processing steps.35 An evidence for this is the
fact that Cu is a rapidly diffusing contaminant already at low
temperatures. Cu diffuses very fast by interstitial diffusion
(kick-out process)36 and exhibits an unusually large diffusion
coefficient in many semiconductors. In GaAs, it was found to
be as high as D = 1.1 × 10−5 cm2 s−1 at 500 ◦C and D =
1.8 × 10−9 cm2 s−1 at 100 ◦C.37 In GaAs, Cu has two levels
in the band gap and thus a significant influence on electronic
properties. Depending on the cooling speed after a diffusion
process, the concentration of electrically active Cu atoms is
much lower than the total concentration incorporated.38,39

This is because of the low solubility of Cu in GaAs at
room temperature which is about 1 × 1016 cm−3.36 This
electrically active small fraction of the total Cu concentration
acts as acceptors, while the portion of Cu that remains
electrically inactive forms Cu-Ga precipitates.39 After Cu
in-diffusion in SI GaAs, vacancy complexes containing an
As vacancy were observed. Coincidence Doppler-broadening
spectroscopy showed that Cu is not bound to the observed
vacancy complex.32

Cu in-diffusion in the investigated samples was performed
upon annealing the samples at 1100 ◦C under different As
pressure, where the samples were covered with a thin layer
of Cu. These Cu pre-introduced samples were subjected to
isochronal annealing at ambient conditions, containing no
further Cu source, which leads to Cu out-diffusion. Our

positron lifetime results give evidence that, below 300 K,
positrons are trapped to open-volume defects (vacancies)
as well as at shallow traps with no open volume, which
might be Cu acceptors. The concentration of shallow traps
is determined and found to be in good agreement with the
acceptor concentration found by Hall measurements. Positron
localization in Rydberg states around the negative double
acceptor Cu in Cu diffused samples is suggested to be
responsible for the origin of shallow traps. The presence of
shallow traps in n-type GaAs was observed earlier.23 Their
origin was suggested to be negative acceptor-like centers,
which are residual impurities or native defects.23 We will show
that Cu out-diffusion depends on the in-diffusion conditions,
especially on the arsenic vapor pressure during Cu in-diffusion.

These findings indicate the ability of the PAS method for
getting more precise information and in determining whether
the vacancy is single or forming complexes. It may help
in the future for studying the defects in more complicated
semiconductors, such as ternary compounds, and predicting
the diffusion mechanisms of impurities.

The paper is presented as follows: In the next section, the
details of the experimental work are given. Positron lifetime
and coincidence Doppler-broadening results are presented in
Secs. III and IV, respectively. In Sec. V, the concentration
of shallow traps and positron binding energy at them are
determined. Sec. VI concludes the paper.

II. EXPERIMENTAL WORK

The investigated samples were cut from Te-doped GaAs
crystals grown by the liquid encapsulated Czochralski tech-
nique (LEC) (5 × 5 × 0.55 mm3) containing a carrier concen-
tration of n = 3.5 × 1017 cm−3. The samples were covered at
one side by 35-nm Cu by evaporating it under UHV conditions.
This amount of Cu corresponds to a volume concentration of
6 × 1018 cm−3, which is approximately the upper solubility
limit of Cu in GaAs at 1100 ◦C.37 The deposited layer thickness
was controlled by a thickness measurement device (frequency
shift of a crystal oscillator), which was calibrated before
by atomic force microscopy. High-purity copper-free quartz
ampoules were used for the Cu diffusing annealing, and pure
As (99.999%) was used as an arsenic vapor source. The
samples and the arsenic source were sealed in quartz ampoules
under high vacuum. A two-zone temperature furnace was used
for the diffusion experiment. Annealing was performed for
3 h at 1100 ◦C (sample temperature). The temperature of the
arsenic source was 550 and 740 ◦C, which corresponds to an
As vapor pressure (PAs) of 0.2 and 9.68 bar, respectively.40 The
annealing time was chosen in such a way that a homogeneous
Cu concentration was established in the whole sample. This
was calculated according to the diffusion coefficient of Cu in
GaAs at 1100 ◦C37

D = 0.03 cm2s−1 exp

(−0.53 eV

kBT

)
, (1)

where kB is the Boltzmann constant. The annealing conditions
were chosen to maintain arsenic-rich stoichiometry. After
annealing, the ampoules were quenched into water at room
temperature. According to the solubility, Cu is now at room
temperature in oversaturated state. Thus, Cu atoms have the
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tendency to leave the lattice and start out-diffusion, e.g. by
forming precipitates. Hall-effect measurements were applied
to measure the samples in the as-quenched state. Thereafter,
the samples were isochronally annealed in the temperature
range up to 900 K, while they were cooled down slowly after
each annealing step. Between the annealing steps, temperature-
dependent positron lifetime measurements in the temperature
range of 29–500 K were done using a conventional fast-fast
coincidence system with a time resolution of 220 ps. The 22Na
positron source was sandwiched between two identical 4.5-
μm-thick Al foils. Then, it was placed between two identical
samples. After source and background corrections, the lifetime
spectra were analyzed with one, two, or three exponential
components, convoluted with the Gaussian resolution function
of the spectrometer. The spectra were analyzed using the LT9
program.41,42

The annihilation momentum distribution was observed by
coincidence Doppler-broadening spectroscopy measured at
466 K using two Ge-γ detectors in collinear geometry,20 both
with an energy resolution of 1.4 keV at 514 keV of 85Sr.

III. POSITRON LIFETIME RESULTS

A. Sample annealed under 10 bar of PAs

In a defect-free crystal, positrons annihilate with a single
lifetime τb, which we have found to be 228 ps in SI GaAs.43–45

After Cu in-diffusion at 1100 ◦C under 10 bar of arsenic
vapor pressure, the as-quenched sample showed a decrease
of the average lifetime in the low-temperature region (T <

100 K) and a saturation level of the average lifetime at 220 ps,
which is distinctly lower than the value measured in the bulk
SI GaAs (228 ps). That indicates a detection of nonopen
volume defects, shallow traps, which tend to trap positrons,
reflecting thereby properties very close to the bulk annihilation
characteristics of the positrons.9,23,32 Then, positrons trapped
into shallow traps have a lifetime of τst = 220 ps (st denotes
shallow traps). The behavior of the lifetime as a function of
the temperature can then be attributed to thermally assisted
positron detrapping from these shallow traps. This is because
of the high detrapping rate of positrons from shallow positron
traps at elevated temperatures. Figure 1 represents the average
positron lifetime vs measurement temperature after different
annealing steps performed after Cu in-diffusion under 10 bar of
As vapor pressure. A distinct decrease in the average lifetime
at low temperatures is clearly seen for all curves as well as a
similar temperature behavior. Almost no change was observed
in the positron lifetime for the annealing steps up to 500 K.
Here, after Cu in-diffusion, the shallow traps must be ionized
Cu acceptors. Their concentration is up to 2.2 × 1017 cm−3

according to the Hall-effect measurements. It is observed that
the samples are converted to p-type, as shown by the Hall
effect. This could be ascribed to the high solubility of Cu in
GaAs at 1100 ◦C. During annealing up to 750 K, the average
positron lifetime increases strongly up to the value of 275 ps,
indicating the existence of vacancy-like defects. With a further
increase in the annealing temperature, a huge decrease in
the average positron lifetime was observed. With annealing
at temperatures higher than 850 K, the vacancy clusters
grow, and the distance between them becomes much larger
than the positron diffusion length. Finally, their concentration
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FIG. 1. (Color online) Average positron lifetime as a function
of measurement temperature in GaAs:Te for different annealing
temperatures. The sample was annealed under 10 bar As vapor
pressure.

drops below the sensitivity range of the positrons.32,46 The
vacancy clusters may also be dissolved, which would lead
to a disappearance of the vacancy signal, too. These two
possibilities cannot be discriminated by the obtained data
alone.

Figure 2 shows the average lifetime and lifetime com-
ponents and their relative intensities as a function of the
annealing temperature. The spectra were measured at 500 K
to diminish the effect of shallow traps. It is shown that the
open volume of the detected vacancy-type defect increases
during annealing. The defect-related lifetime is much higher
than that for monovacancies (250–260 ps).9 This can only be
explained by trapping of positrons at small vacancy clusters.
The intensity of the second lifetime component (I2) increases
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FIG. 2. (Color online) Results of positron lifetime decomposition
for different annealing temperatures, each measured at 500 K to avoid
the influence of the shallow traps.
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with increasing annealing temperature. Only the spectrum
measured after annealing at 750 K shows three positron
lifetimes. The defect-related lifetime τ3 reaches the value of
550 ps, corresponding to vacancy clusters with a larger number
of vacancies than 15 but with low intensity I3. Here, τ1 is
always less than the bulk lifetime, which indicates that no
saturation trapping takes places in the open-volume defects.

The positron trapping rate κd is proportional to the defect
concentration Cd and is expressed as:

κd = μCd. (2)

Here, μ is the trapping coefficient. For a two-component
decomposition, i.e. only one dominating defect type, the
trapping rate is given by:

κd = 1

τb

τav − τb

τd − τav

. (3)

In the case of two noninteracting deep positron traps, the
lifetime spectrum has three exponential decay components. It
follows for the trapping rates:

κd1 = I2(λ1 − λ2), κd2 = I3(λ1 − λ3), (4)

where κd1 is the positron trapping rate to the first defect and
κd 2 is that to the second defect type.

The annihilation fractions (ηi) are also expressed as:

η2 = κd1τb

1 + τb(κd1 + κd2)
= κd1

λb + κd1 + κd2
,

(5)
η3 = κd2τb

1 + τb(κd1 + κd2)
= κd2

λb + κd1 + κd2
.

Because the average lifetime can be experimentally deter-
mined with high accuracy, the trapping rate is often expressed
in terms of τav by Eq. (3). Here, μ is taken as 1015 s−1 at 300 K
and 0.9 × 1015 s−1 at 500 K,47,48 τb is the bulk lifetime (228 ps),
τav is the average positron lifetime, calculated from the
experimental lifetime components according to Eq. (3), and τd

is the defect-related lifetime. The trapping rates are determined
using Eqs. (3) and (4) for two and three lifetime component
spectra, respectively. The defect concentration is calculated by
applying Eq. (2). The lower panel of Fig. 3 represents the defect
concentration vs the annealing temperature, where the defect
concentration increases from 2.2 × 1015 cm−3 at 500 K up to
9.4 × 1016 cm−3 at 750 K. For further annealing temperatures,
the defect density decreases due to the decrease of the average
positron lifetime.

The number of vacancies in a cluster (N ) is estimated
from the defect-related lifetime according to the calculation
in Ref. 49, which is based on the superimposed-atom model
by Puska and Nieminen.50 As shown in the upper panel of
Fig. 3, the number of vacancies in a cluster increases from one
at annealing temperature of 500 K to four vacancies at 700 K of
the annealing temperature. At further annealing temperature, at
750 K, the defect-related lifetime is 550 ps, which corresponds
to a cluster of >15 vacancies (not indicated in Fig. 3). This
value of lifetime is roughly theoretically estimated as a cluster
of >50 vacancies. The positron lifetime measurements for the
sample annealed under 10 bar of PAs (Fig. 1) show a maximum
effect after annealing at 750 K. The lifetime decomposition
is represented in Fig. 4. In the low-temperature region (T <

100 K), the 260-ps component was fixed. The positron lifetime
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FIG. 3. Defect concentration and the number of vacancies N

included in one cluster vs the annealing temperature in Cu-diffused
GaAs:Te calculated from the positron lifetime results in Fig. 1.

τ2 increases with increasing measurement temperature up to
300 K. For a further temperature increase, three-component
decomposition is predominant with τ3 ≈ 600 ± 35 ps (the
lower panel of Fig. 4). This indicates the generation of vacancy
cluster with N > 50 vacancies. The value of τ2 oscillates
around 290 ps (monovacancy) with an intensity I2 of 66 %.
Here, I3 increases with the temperature to 7% (upper panel
of Fig. 4). The positron annihilation fraction (η2, η3) for
the defect-related lifetimes is estimated using Eq. (5) and
illustrated in Fig. 5. It is found that the annihilation fraction
of the second component increases with the temperature and
reaches 0.35 due to the increase in the trapping rate. Further,
η3 only increases to 0.05, which indicates the low value of the
trapped positrons fraction to the vacancy clusters.
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FIG. 4. (Color online) Positron lifetime decomposition of the
isochronally annealed sample at 750 K as a function of measurement
temperature.
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FIG. 5. (Color online) Positron annihilation fraction vs the mea-
surement temperature calculated using the lifetime decomposition
presented in Fig. 4.

Due to the steep decrease in the positron lifetime after
annealing the sample at 850 K (Fig. 1), another GaAs:Te sam-
ple was treated under the same conditions and annealed up to
825 K to see the effect on the longer lifetime component. Then,
the temperature-dependent positron lifetime measurement is
performed, as shown in Fig. 6. The average lifetime increases
from 224 ps in the low temperature region (T < 100 K) to
234 ps at T > 300 K. It was found that the value of τ1 at
T > 300 exceeds that of the bulk lifetime, which reflects a
complete trapping of positrons. It is important to note that the
defect-related lifetime τ2 reaches values as high as 750 ps but
with low intensity ∼1% (the upper two panels of Fig. 6). This
supports the assumption that the vacancy clusters grow, and
their density decreases. During further annealing, the lifetime
decreases, and the vacancy signal disappears (Fig. 1). It was
assumed that the small clusters combine to each other forming
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FIG. 6. Positron lifetime decomposition at 825 K of the
isochronally annealed sample as a function of measurement tem-
perature.
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FIG. 7. (Color online) Average positron lifetime as a function of
measurement temperature in GaAs:Te without Cu.

large voids with a distance between them being so large that
they are not seen by positron any more.46

The results above are compared to those obtained for a
sample annealed under very similar conditions which was
not treated with Cu in order to demonstrate the effect of
Cu. As illustrated in Fig. 7, the as-quenched sample shows
a higher value of the average lifetime (236 ps), which is
very small compared to the Cu-diffused sample (275 ps after
annealing at 750 K). This can be explained by trapping of
positrons in vacancies. The decrease of the lifetime in the
low-temperature region is ascribed to the positron trapping
into shallow traps. The shallow traps are attributed to intrinsic
defects (e.g. Ga2−

As )51 or extrinsic defects.48

Here, τav decreases slightly with increasing the annealing
temperature in the temperature range up to 400 K, while at
500 K, the average lifetime is almost the same, which can
be attributed to the diffusion of shallow traps. In contrast,
in the case of the GaAs:Te after Cu in-diffusion (Fig. 1),
almost no change in the average positron lifetime was detected
in the as-quenched state. However, during the annealing
steps until 750 K, the average positron lifetime increases
strongly, and at annealing temperatures higher than 850 K, the
vacancy cluster signal almost disappears. This indicates that
the observed vacancy-like defects in the Cu-diffused sample
are Cu-induced.

B. Sample annealed under 0.2 bar

To show the effect of the As vapor pressure, another sample
was annealed at 1100 ◦C under 0.2 bar of PAs. Figure 8 presents
the average lifetime as a function of the sample temperature
after different annealing steps performed after in-diffusion
of 6 × 1018 cm−3 Cu atoms at 1100 ◦C under 0.2 bar of
arsenic vapor pressure (As temperature is 550 ◦C). The lifetime
measurement of the as-quenched sample shows no positron
trapping in open-volume defects. The average lifetime in the
high-temperature region is very close to the bulk lifetime in
SI GaAs (228 ps). As the temperature decreases, the lifetime
decreases, which is a typical dependence for shallow traps.
This is clearly shown for all curves. Almost no change was
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FIG. 8. (Color online) Average positron lifetime as a function
of measurement temperature in GaAs:Te for different annealing
temperatures (0.2 bar of As vapor pressure).

observed for the first annealing steps up to 500 K. As we
mentioned above, for the Cu-diffused sample, the shallow traps
should be ionized Cu acceptors. In the course of annealing up
to 700 K, the average positron lifetime increases and reaches
246 ps, indicating the detection of vacancy-like defects. This
lifetime value is much lower than that in the case of the
Cu-diffused sample under 10 bar of PAs, 275 ps (Fig. 1).
With an additional increase in the annealing temperature, a
rapid decrease in the average positron lifetime was observed.
Figure 9 shows the positron lifetimes and the intensity of the
defect-related lifetime I2 vs the annealing temperature for
GaAs:Te. The spectra were measured at 500 K to avoid the
effect of shallow traps. The spectra measured after the first
annealing steps up to 550 K show only one lifetime very close
to the bulk lifetime. At annealing temperatures higher than
550 K, the spectra show two-component decomposition with
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FIG. 9. (Color online) Results of positron lifetime decomposition
for different annealing temperatures, each measured at 500 K (0.2 bar
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FIG. 10. Defect concentration vs the annealing temperature in
Cu-diffused GaAs:Te under 0.2 bar of As vapor pressure. These data
were estimated using the positron lifetime results presented in Fig. 9.

τ2 = 280 ± 3 ps, which lies in the monovacancy region.49 It is
much lower than the divacancy value of 332 ps.9 Thereafter,
the number of vacancies in the annealing temperature range
(600–750 K) is estimated to be only one vacancy. The intensity
of the second component is presented in the upper panel of
Fig. 9. Here, I2 increases from 60% at 600 K to 68% at 700 K
then decreases for higher annealing temperatures. Because the
intensity of the defect-related lifetime is proportional to the
defect concentration, this high value of I2 leads to a higher
number of defects. Figure 10 illustrates the defect density
against the annealing temperature. The defect concentration
is calculated from the lifetime decomposition according to
Eq. (2). It increases from 5.2 × 1016 cm−3 at 600 K to 9 ×
1016 cm−3 at 700 K of annealing temperature. At 750 K, the
defect concentration decreases to 3.8 × 1016 cm−3.

We have calculated the positron lifetime for different
defects and for VGa surrounded with different numbers of
Cu atoms for an unrelaxed structure in GaAs using atomic
superposition method,34,50 as tabulated in Table I. It is clearly
shown that, with the increasing number of Cu atoms around
the VGa, the lifetime increases. The experimentally observed
lifetime (280 ps) is higher than the theoretically calculated
lifetime value of the isolated VGa (267 ps) but less than
that of VGa decorated with 2 Cu atoms (283 ps). Thus, it is
more probable that the detected defect is VGa-1CuGa complex
(276 ps). Coincidence Doppler-broadening measurements
support this assumption, as shown in the next section.

TABLE I. Theoretically calculated positron lifetime for
different vacancies and vacancy complexes in GaAs for
unrelaxed structure.

Vacancy Lifetime (ps)

GaAs bulk 232
VGaVAs 332
VGa 267
VGa-1CuGa 276
VGa-2CuGa 283
VGa-3CuGa 291
VGa-4CuGa 298
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IV. RESULTS OF COINCIDENCE DOPPLER-
BROADENING MEASUREMENTS

Due to the high solubility and high diffusivity of copper
in GaAs, it was assumed that these vacancy clusters are deco-
rated by Cu precipitates.44,46 Coincidence Doppler-broadening
spectroscopy measurements were done to confirm whether
the observed vacancy-like defects were surrounded by Cu
atoms. The most important parameter is the shape of the
high-momentum distribution indicated by the W parameter,
which is responsive to the chemical surroundings of the anni-
hilation site. The results of coincidence Doppler-broadening
measurements are shown in the left part of Fig. 11. The
spectra measured at 466 K, normalized to an undoped SI
GaAs reference sample, show no positron trapping. In panel
(a) of Fig. 11, the ratio curve of annihilation momentum
distribution obtained in pure copper is shown. In panel (b),
two samples are measured, GaAs:Te diffused with Cu under
0.2 bar then annealed up to 700 K, and Cu diffused GaAs:Te
under 10 bar annealed up to 750 K. If positrons annihilate with
core electrons of copper, the intensity in the high-momentum
distribution area of the Doppler peak at (7–20) × 10−3 moc

is higher than in bulk GaAs (ratio is larger than one, panel
(a) of Fig. 11). Thus, the existence of Cu atoms in the
immediate neighborhood of a positron trap can be seen as such
a distinct increase of the intensity of the electron momentum
distribution. Cu being incorporated on the Ga sublattice is an
adjacent neighbor to vacancy-like defects and thus must be
perfectly observed at the high momentum part of the CDBS
spectrum. The ratio curves of both annealed samples show
a clear sign that Cu atoms are in the vicinity of the detected
vacancies. This is because the shape of momentum distribution
for both annealed GaAs:Te samples is very similar to the
spectrum of pure Cu. Consequently, the results of the high
momentum part of annihilation momentum distribution for
the Cu-diffused GaAs:Te are determined by the annihilation
of positrons with the core electrons of Cu atoms.46,52 These

results show clearly that the observed vacancy-like defects
are decorated with copper. The presence of such cluster-Cu
precipitate complexes was observed by transmission electron
microscopy (TEM).46

Theoretical calculations of the annihilation momentum
distribution were performed to support our experimental
findings. These calculations were done using the method
introduced in Refs 19 and 34, which is found to give momen-
tum distribution and positron lifetime in GaAs in sufficient
agreement with the experiment.34 The momentum distribution
is calculated via the free atomic wave functions within the
model of the independent particles for each core electron
state. The final momentum distribution is given by taking the
summation of the contributions from each state weighted by
the partial annihilation rates calculated within the generalized
gradient approximation (GGA) of positron annihilation.53

Lattice relaxation was not taken into account within the
calculations. The momentum distribution of Cu is calculated
and represented as a ratio to the bulk GaAs in Fig. 11, panel (c).
It is clearly shown that theoretically calculated and measured
momentum distributions are in reasonable agreement. The the-
oretically calculated momentum distributions for VGa, VAs, the
divacancy, and for different possibilities of surrounding them
by Cu atoms in GaAs (normalized to the bulk distribution)
are shown in panel (d) of Fig. 11. A probable shift in the
calculated curves is due to the approximation and unrelaxed
coordinates. It is clearly shown in the calculated curves that,
with increasing of vacancy bound Cu atoms, the ratio of the
curves also increases. This agrees with the assumption of the
presence of Cu in the immediate vicinity of the observed
vacancy-like defects. The momentum distribution curve for
the VGa surrounded by one Cu atom incorporated into the
Ga sublattice (VGa-CuGa) is very close to the experimental
curves of the annealed samples under 0.2 and 10 bar of PAs.
Thus, we conclude that the detected defect is a VGa-1 CuGa

complex.
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FIG. 11. (Color online) High momentum
part of the positron annihilation momentum
distribution, normalized to SI undoped GaAs
reference (left part). (a) In the upper part, the
spectrum for pure copper is shown. (b) The
lower part represents spectra of two GaAs:Te
samples: In one of them, the Cu in-diffusion is
performed under 0.2 bar of PAs and annealed
subsequently up to 700 K. For the other, the Cu
in-diffusion is carried out under 10 bar of PAs,
and the sample is subject to isochronal annealing
up to 750 K. The right part shows the ratio of high
momentum distribution to the bulk GaAs for (c)
pure Cu and (d) different vacancies in GaAs
from theoretical calculations. The calculation
was done using GGA. The curve of the VGa-
CuGa complex is highlighted to emphasize the
agreement to the respective experimental data in
GaAs:Te annealed samples.
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V. DETERMINATION OF CONCENTRATION OF
SHALLOW TRAPS AND POSITRON BINDING ENERGY

The decrease of the average lifetime in the low-temperature
region is direct evidence for the existence of shallow positron
traps. Furthermore, positron diffusion length experiments were
used as a direct probe for shallow traps.23 A decrease in the
positron diffusion length was observed between 100–200 K,
and this was accompanied with changes in the positron
lifetimes at the same temperature range. This was ascribed to
thermal positron detrapping from the shallow traps.23 Positrons
getting trapped to the shallow traps have a lifetime very
close to those of the bulk, which results in difficulties for
the determination of the detailed microscopic structure of the
shallow traps. This is because these traps are not of vacancy
type and do not involve open volume. Negatively charged
ions can induce the observed shallow positron state. In the
samples under investigation, after Cu diffusion, Cu double
acceptors act as shallow trap centers.32 It was suggested
that residual impurities (e.g. C−

As) and native defects, such
as gallium antisite, Ga−

As, are responsible for the formation
of negative centers acting as shallow traps for positrons in
undoped GaAs.23,54 To estimate the concentration of shallow
traps, the one- and two-defect-type trapping models were used.
At the first annealing steps up to 500 K, the decomposition
of the lifetime spectra shows only one component in the
whole temperature range. For these annealing steps, one defect
type model is used to determine the trapping rate at 29 K,
where τ d = τst = 220 ps is assumed. As mentioned above,
this lifetime value is observed in the as-quenched sample.
The trapping rate for shallow traps can then be calculated
by applying Eq. (3). Using Eq. (2), the concentration of
shallow traps can be determined. A trapping coefficient μ =
5 × 1016 s−1 is applied.9 At annealing temperatures higher
than 550 K, the spectra consist of two lifetime components,
especially in the high-temperature region, which indicates the
detection of vacancy-like defects as well as shallow traps
which are effective only at low temperature. Thus, the model of
two defect types should be used. The positron trapping rate to
vacancies is estimated in the high-temperature region (where
no effect of shallow traps is expected). Then the trapping rate
to shallow traps at 29 K could be calculated. The estimated
concentration of the shallow traps vs the annealing temperature
is shown in Fig. 12. It is found that the value estimated at the
annealing temperature of 450 K is very close to that measured
using Hall measurement (2.2 × 1017 cm−3). With increasing
the annealing temperature, the concentration of shallow traps
decreases and saturates at 1016 cm−3. After Cu in-diffusion,
Cu is in an oversaturated state according to the solubility. With
annealing, Cu atoms have the propensity to leave their lattice
sites and start the out-diffusion, e.g. forming precipitates. This
results in a decrease of the electrically active fraction of Cu,
i.e. a decrease of the concentration of the acceptors and thus
shallow traps.

The ratio of the detrapping (δ) and trapping rates is given by
the thermodynamic approach to detrapping of positrons from
the defect55 as,

δ

κst

= 1

Cst

[
m∗

2πh̄

]3/2

(kBT )3/2 exp

[
Eb

kBT

]
, (6)
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FIG. 12. The concentration of shallow positron traps determined
at 29 K as a function of the annealing temperature in Cu-diffused
GaAs:Te annealed under 10 bar of PAs.

where Eb is the positron binding energy to the shallow traps
with the concentration Cst and m∗ (positron effective mass).
Equation (6) is fitted to the experimental data, after the
corresponding trapping equations are solved to determine the
transition rates δ and κst . We have applied the three-state
trapping model, which consists of positron annihilation in
the free state, trapping to vacancy-like defects with κv and
trapping to shallow traps with κst and detrapping from shallow
traps with δ. An experimental formula for positron detrapping
transition is given by the solution of the kinetic trapping
equation:56

δ

κst

=
[

I2

I1κv − I2 (λb − λ2)
− 1

κst

]
(λst − λ2) , (7)

where τ2 = λ−1
2 is the lifetime of the longest component in

the lifetime spectrum, which has the intensity I2. Here, λb =
τb

−1 = (228 ps)−1 is the annihilation rate in the bulk crystal.
We assumed λst = τst

−1 = (220 ps)−1. In order to obtain
the experimental detrapping rate using Eq. (7), information
on the temperature dependencies of κv and κst is needed. The
simultaneous determination of three parameters κv , κst , and δ

from the experimental data is impossible. This was simplified
by assuming that the trapping rates κv and κst do not depend
on the temperature.23 The value of κv is evaluated at high
temperature, T > 400 K (where no positron trapping to shallow
traps and the lifetime is saturated). Here, κst is estimated at
very low temperature, close to 0 K (no thermal detrapping).
Equation (7) shows that the detrapping rate is totally governed
by the intensity of the vacancy component I2.

Figure 13 shows the Arrhenius plot of the measured
detrapping rates from Eq. (7) in Cu-diffused GaAs:Te annealed
under 10 bar of PAs determined from the decomposition of
positron annihilation lifetime spectra measured after annealing
at 650 K. The solid line in Fig. 13 represents the fit of Eq. (6)
to the experimental data. The slope yields a binding energy
of (79.4 ± 6) meV. The detrapping rate is noticed to agree
with the trapping rate (κst = δ) at 166 K. All the lifetime
spectra measured after annealing the sample at 650 K show
two-component decomposition, but the decomposition below
100 K is not so reliable. Thus, a 255-ps component is fixed to
reduce the statistical uncertainties of the fitting. The positron,
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FIG. 13. The ratio of the detrapping and trapping rates in Cu-
diffused GaAs:Te annealed under 10 bar of PAs calculated from the
decomposition of the lifetime spectra after annealing the sample at
650 K. The solid line is the fit to the experimental data with Eb =
79.4 meV.

as a positively charged particle, can get localized into the
Rydberg states of a Coulomb field around these centers. The
binding energy of the positron to these states can be estimated
using a simple formula:23,57

Eb = 13.6 eV

ε2

[
m∗

me

]
1

n2
, (8)

where ε is the dielectric constant of the material (ε = 12.9 in
GaAs ), m∗ is the positron effective mass, me is the rest mass
of electron, and n is the quantum number. In all solids, the
effective mass of the positron is very close to its free mass
(m∗ = me).58 A value of Eb = 81.7 meV is obtained using
Eq. (8) for the binding energy in the first Rydberg state (n =
1). It is worth mentioning that our experimentally determined
value of binding energy is in excellent agreement with that
value calculated by Eq. (8).

Here, Eb is determined for n-type GaAs as (43 ± 5) meV23

and for GaAs:Te as (60 ± 20) meV.59 These earlier results
are explained by detrapping of positrons from the excited
states, whereas our results indicate that positrons are detrapped
from the first state. The trapping coefficient of positrons to
the Rydberg states can be estimated using the concentration
2.2 × 1017 cm−3 of ionized acceptor-like centers obtained
from the Hall measurement. When the detrapping possibility
approaches zero (T < 100 K), κst has a value of 1.63 ×
1011 s−1 (for the sample annealed at 450 K). Using Eq. (2), the
specific trapping rate is estimated to be 3.2 × 1016 s−1. It is
comparable to the large capture rate for positrons at negatively
charged vacancies in GaAs.9,48 This is not surprising because
negatively charged vacancies are surrounded by very similar
attractive Coulombic tails.

VI. CONCLUSION

To summarize, in this paper, we have systematically studied
positron annihilation in GaAs:Te (3.5 × 1017 cm−3) after Cu
diffusion at 1100 ◦C under two different As vapor pressures
(0.2 and 10 bar).

During isochronal annealing, CuGa atoms dissolve, leaving
their sites (Ga sublattices), and start out-diffusion forming
precipitates, which are connected to vacancy clusters. Thus,
when Cu atoms leave the Ga sublattice and form precipitates,
some open-volume defects must be generated. In the first place,
these are VGa, but because of the observed large defect-related
lifetime, vacancies in both sublattices should be comprised.
Thereafter, As atoms must leave and precipitate or go into
interstitial sites. If so, this process should depend on the
stoichiometry, i.e. it depends on the amount of the excess As
in GaAs. That is already observed for the samples annealed
under different As vapor pressure. The sample annealed under
high As vapor pressure showed a defect-related lifetime
corresponding to vacancy clusters, whereas that annealed
under low PAs showed a defect-related lifetime corresponding
to monovacancies. Thus, the higher the As vapor pressure
during Cu in-diffusion is, the easier the As atoms precipitate,
and the more pronounced is the course of void formation. The
Ga vacancy concentration increases with increasing PAs. Thus,
in order to keep the crystal stoichiometry, As vacancies should
be emitted, then collapse and agglomerate with Ga vacancies
forming vacancy clusters.

The behavior of the temperature-dependent average
positron lifetime can be attributed to thermally assisted
positron detrapping from these shallow traps. The Cu con-
tent explained the observation of shallow traps. Cu ionized
acceptors (Cu2−

Ga ) act as the observed shallow traps, whose
concentration was calculated using the positron trapping model
in good agreement with that measured using the Hall effect.

Coincidence Doppler-broadening measurements showed
the presence of copper in the vicinity of the detected vacancy-
like defects. Thus, we believe that the observed vacancy-type
defects are bound to Cu impurities or vice versa. This is
supported by the theoretical calculation of the momentum
distribution, which predicted the trapping of positrons to
VGa-CuGa complexes.
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