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CuInSe2 was studied in the as-grown state and after low-temperature~4 K! 2 MeV electron
irradiation. The positron bulk lifetime of 235 ps was measured for the unirradiated sample. The
positron bulk lifetime was theoretically calculated and is in good agreement with the experimental
value. In addition, the defect-related lifetimes for mono-, di-, and trivacancies are theoretically
determined. An increased average positron lifetime indicated after electron irradiation the
appearance of open-volume defects, most probably of divacancy type. The disappearance of
this defect was observed during annealing below 250 K. Other defects were formed leading
to a divacancy signal at least stable up to 600 K in the temperature range above 450 K. ©1998
American Institute of Physics.@S0021-8979~98!04101-2#

I. INTRODUCTION

The ternary I–III–VI2 compounds, such as CuInSe2

~CIS!, crystallize in the chalcopyrite structure. CIS-based
layers are used as very high-efficient adsorbers for thin-film
solar cells. The best conversion efficiency experimentally
observed is 17%.1 A further important advantage of this ma-
terial is the high radiation resistance.2

Point defects influence electrical and optical properties
of CIS. Native defects partly compensate deviations from the
ideal stoichiometry. Some of them introduce energy levels in
the band gap and, therefore, the conductivity type can be
adjusted by appropriate compositions of the compound. A
difficulty is the large number of intrinsic defects in ternary
compounds. Calculations of the defect chemistry of this
compound, and also of otherAaBbXc compounds, are, in in
principle, possible.3 The applied model allows, in principle,
the calculation of the concentration of all 12 intrinsic defects
as a function of the composition and temperature. In addi-
tion, the concentration of the defects in their different charge
states and the electron and hole concentrations can be ob-
tained. The results of these calculations are described in de-
tail in Sec. V.

Irradiation-induced defects play an important role in the
degradation of thin-film solar cells in space. The underlying
damage formation mechanisms were reviewed for several so-
lar cell materials by Woodyard.4

The positron annihilation spectroscopy, a well-
established method to study vacancylike defects in solids,
can yield valuable information on the structure of vacancies.
Positrons may be trapped in open-volume defects and change
their annihilation parameters specifically.5 Because of their

charge, positrons are sensitive to different charge states of a
vacancy in semiconductors, and thus, they represent a selec-
tive tool for their identification. First applications of positron
annihilation to the investigation of open-volume defects in
CIS were recently published.6,7 These results were obtained
in epitaxially grown layers by the slow positron beam tech-
nique and are, thus, not directly comparable to the presented
positron lifetime measurements in bulk material. To the best
of our knowledge, there exist no further positron lifetime
values in the literature up to now.

Monovacancies, or at most divacancies, can be produced
by irradiation with 0.5–3 MeV electrons in crystals. This
treatment was applied to CuInSe2, and the formation and
annealing behavior of vacancylike defects was investigated.
Additionally to vacancies, electron irradiation produces, for
example, negative ions~negatively charged nonopen volume
defects! in crystals.8,9 These negative ions act as shallow
traps for positrons in semiconductors.10

In the following section, we summarize the material and
experimental details. Section III gives a short introduction to
the method of positron lifetime spectroscopy and its specific
features used to study vacancy defects in semiconductors. In
Secs. IV and V, we describe the results of calculations of
positron lifetimes in bulk material and in defects and the
defect chemistry in CuInSe2. In Sec. VI, the results obtained
by positron annihilation in as-grown and irradiated CuInSe2

will be presented and also discussed. Conclusions are drawn
in Sec. VII.

II. MATERIAL AND EXPERIMENTAL PROCEDURES

Bulk crystals of CuInSe2 were grown by the Bridgman
method. The samples of this material available to us were
first studied by positron lifetime spectroscopy. Different re-a!Electronic mail: e3okz@mlucom.urz.uni-halle.de
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sults were obtained, i.e., there were samples showing differ-
ent average positron lifetimes in dependence on their com-
positions. However, these interesting results are not the
subject of this paper. We rather chose a sample exhibiting a
single component spectrum with the lowest average positron
lifetime measured, i.e., showing no positron trapping~see
discussion in Sec. VI A!. From this result, we concluded that
no lattice defects were detectable in this sample by positrons.
We favored this sample for the electron irradiation experi-
ment, since the absence of detectable defects prior to the
irradiation allows the almost undisturbed study of
irradiation-induced defects.

The Cu/In/Se composition of this sample was deter-
mined by microprobe measurements to be 0.3/0.18/0.52 after
completion of irradiation and annealing experiments. This is
a relatively large deviation from the stoichiometric point
leading to the occurrence of at least one second phase. This
is a typical problem of those ternary compounds. The posi-
tron source is large compared to the dimensions of second-
phase inclusions. Hence, the measured positron lifetime is an
average value of the lifetimes of the different phases. It is
composed from the defect-related lifetimes in the occurring
phases weighted by their corresponding volume fractions.
Since the CuInSe2 phase dominates, we assume that the de-
tected irradiation-induced defects are typical for this phase.

Electron irradiation was performed at 4 K with a Van der
Graaff accelerator in the Forschungszentrum Ju¨lich. The in-
cident energy of electrons was 2 MeV, and a fluence of
1018 cm22 was applied for irradiation. The irradiated
samples were mounted under liquid nitrogen in a cryoheater
system to prevent warming up and annealing. Thereafter, an
isochronal annealing~15 min! was performed in the range
between 90 and 580 K. Temperature-dependent measure-
ments after different annealing steps were carried out starting
at 15 K.

The positron lifetimes were measured by using a fast–
fast coincidence system having a time resolution of 260 ps.
A pair of identical samples~two halves of the original
sample! was sandwiched with the positron source consisting
of radioactive 22NaCl ~0.5 MBq! covered with two thin
(1 mg/cm2) Al foils. The lifetime spectra consisting of about
53106 annihilation events were analyzed after source and
background corrections11,12 with the trapping model.13,14

Hall-effect measurements were performed according to
Van der Pauw.15 The sample under investigation was found
to be in thep-type conductivity state prior and after irradia-
tion. Thus, the Fermi level was located close to or within the
valence band.

III. POSITRON TRAPPING IN DEFECTS

Positrons are obtained by theb1 decay of22Na. Their
lifetime can be determined by detecting the time difference
between the birth gamma~1.27 MeV gamma ofb1 decay!
and the annihilation gamma~0.51 MeV!. The lifetime spec-
trum consists of a sum of exponential decay components
with the lifetimest i and their intensitiesI i . Positrons anni-
hilate from the delocalized ground state in a perfect crystal.
A single positron lifetime will be measured,t5tb

(b: bulk). In the presence of defects of a distinct type,

positrons may get localized at them and annihilate with a
second lifetimet25td ~d: defect!. This lifetime is larger
than tb for open-volume defects, such as vacancies, due to
the decrease in the electron density of the defect compared to
the bulk. The lifetime spectrum consists, then, of two com-
ponents. The positron trapping rate at defects,k, may be
determined from the experimentally obtained average posi-
tron lifetime t̄5I 1t11I 2t2 ~with t25td! according to Eq.
~1!. The positron trapping ratek is proportional to the defect
concentrationCd . The proportional constantm is the trap-
ping coefficient, and must be obtained at least once by an
independent reference method,

Cd5
k

m
5

1

m•tb

t̄2tb

td2 t̄
. ~1!

Semiconductor defects can exist in different charge
states, depending on the position of the Fermi level in the
energy band gap. A negative or positive charge state gives
rise to additional Coulombic tails of the potential. Hence,
positively charged vacancies are repulsive for positrons. The
positron trapping in neutral vacancy defects is distinct, and
moreover, the trapping is strongly enhanced in negative va-
cancies at low temperatures. The positron trapping at neutral
vacancies is assumed to be temperature independent. The
trapping coefficientm depends on the defect type, defect
charge, and possibly on temperature. Values for negative va-
cancies arem51 – 431015 s21 at 300 K ~Refs. 16 and 17!
andm51016– 1017 s21 at 20 K.17,18m is assumed to be about
1014– 1015 s21 for neutral vacancies.19

Additionally, so-called shallow positron traps are pos-
sible candidates for positron trapping. They are negatively
charged non-open-volume defects~negative ions!, which are
able to localize positrons in extended Rydberg states at low
temperatures.8,10 The positron lifetime in shallow traps is
close to that in the bulk due to the negligible changes of the
electron density felt by the positron. Therefore, as a result of
competition between positron trapping in vacancies and in
shallow traps, only the temperature dependence of the posi-
tron lifetime proves the presence of these shallow positron
traps. The decomposition of the spectra is specially difficult
at low temperatures due to this competitive trapping centers.

This temperature dependence of trapping in extended
Rydberg states can be described20 by

kst5kst0T
21/25mst0

Cst

N
T21/2. ~2!

N is the number of atoms per cm3, Cst ~st: shallow trap!
corresponds to the defect concentration, andmst0 andkst0 are
the trapping coefficient and trapping rate, respectively, at
20 K. The trapping coefficient of negative ions in electron
irradiated GaAs was determined to be (562)
31016(T/K) 21/2 s21.21 To simplify the model, only one ef-
fective Rydberg state was supposed instead of the complete
Rydberg series.

The thermal detrapping from the shallow potential be-
comes dominant at higher temperatures, i.e., above 300 K,
and almost no significant influence on the positron trapping
is detectable. The temperature dependence of the detrapping
rated from Rydberg states is given by
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d5
mst0

N S m* kBT

2p\2 D 3/2

e2Eb /kBT. ~3!

Eb is the binding energy of positrons to the shallow trap,kB

the Boltzmann constant, andm* the positron effective mass.
It should be noted that it is hardly possible to distinguish

an isolated vacancy from a larger complex containing a va-
cancy by means of positron annihilation. Therefore, we can-
not exclude that a detected vacancy is part of a defect
complex.

IV. THEORETICAL CALCULATIONS OF POSITRON
LIFETIMES

We used the superimposed-atom model by Puska and
Nieminen22 to calculate the positron lifetimes in the perfect
lattice as well as in different defects in CuInSe2. The calcu-
lations are described in detail elsewhere.23 CuInSe2 crystal-
lizes in the chalcopyrite system. The copper and indium at-
oms occupy the corners and faces of the unit cell of this
modified zinc-blende structure, while the selenium atoms re-
place the sulfur atoms in the zinc-blende structure. The num-
ber of unit cells~in defect calculations! and grid points was
increased until the calculated lifetimes did not change any-
more, by this we exclude the effects of the finite supercell
size and of the discretization necessary for the numerical
calculations, respectively.

We took for the calculations the low-frequency valuee0

as well as an estimated value due to the lack of data on the
high-frequency dielectric constante` ~lowering the high-
frequency dielectric constant analogously to the known ratio
for GaAs, CdTe,...! and one of even lower and higher value.
This is to demonstrate that the deviations are systematically
due to a change ine. Larger dielectric constants are known to
decrease the calculated lifetime values.23

The lifetimes calculated with the superimposed-atom
model are always 5–7 ps lower than the corresponding ex-
perimental results.20 Here, we find the experimental bulk
lifetime in the same range in comparison to the theoretical
data when using the estimated value fore`511.0. The the-
oretical data can, thus, be scaled to the experimental bulk
value as shown in the last column in Table I.

We have considered several types of vacancies in the
lattice. The results are given in Table I. The lattice relaxation
around the defects is not taken into account~see the discus-
sion in Ref. 23!. Note that the presented results are obtained
with a non-self-consistent calculation method~see Ref. 23
for a discussion of the differences in self-consistent and non-
self-consistent calculations!.

As we can see from Table I, the lifetimes for different
monovacancies are very close to each other, so that experi-
mentally no distinction will be possible with a lifetime spec-
trometer. This is reflected in the very similar contour plots of
the position probability density of the positron. Hence, we
show only one example, the In vacancy. Here, we can see
that, in comparison to the bulk, the positron wave function is
localized at the site of the vacancy.

The calculated lifetimes are very close to each other~see
Table I! for VCuSe and VInSe, considering all three possible
combinations of nearest-neighbor divacancies. Thus, the

contour plots look very similar, whileVCuIn leads to a sig-
nificantly shorter lifetime, which is only slightly larger than
the monovacancy lifetimes~see Table I!. Comparing Figs.
1~c! and 1~d!, it can be assumed that this is due to a larger
separation of missing atoms. Hence, the positron feels effec-
tively two separated vacancies and its lifetime is close to that
of a monovacancy. In comparison, we see that in a triva-
cancy the positron is more localized in a region of low elec-
tron density, leading to an even longer lifetime.

TABLE I. Calculated positron lifetimes in the bulk and in vacancy defects
of CuInSe2. We used different values for the dielectric constant to demon-
strate the change of the lifetimes since the exact high-frequency value is not
known. The best estimate fore`511.0 is given. The charge of the vacancies
was not considered in the theoretical calculations. The calculated lifetimes
were scaled to the experimentally determined bulk valuetb5235 ps~last
column! using the best estimate fore5e`511.0. The scaling is to provide
a better comparability to the experimental data. The lifetimes for monova-
cancies are very similar, indicating nearly the same electron densities where
the positron is localized. Concerning the divacancies, the CuIn divacancy
leads to a lower lifetime since the missing atoms are closer together.

t~ps! e56.0 e5e0513.6 e520 e5e`511.0
e5e`511.0

scaled

Bulk 235 226 224 228 235
VCu 251 241 238 243 250
VIn 258 247 244 249 257
VSe 254 243 241 245 253
VCuIn 275 262 259 264 272
VCuSe 304 289 285 292 301
VInSe 310 295 291 298 307
VCuInSe 342 323 319 326 336

FIG. 1. Positron position probability density in the ideal lattice~a!, in the In
monovacancy~b!, in the CuIn~c!, and in the InSe divacancy~d! in CuInSe2.
The symbols mark the atomic positions in the 110 plane. The contour spac-
ing is 1/10 of the maximum value for~a!, 1/12 for ~b!, and 1/20 for~c! and
~d!.
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V. DEFECT CHEMISTRY IN CIS

The concentration of the dominating defects can be esti-
mated by means of defect chemistry. Some results are avail-
able for CuInSe2 in thermodynamical equilibrium.24,25 The
usual approach to solve the problem is based on Kro¨ger’s
general ideas of the defect chemistry of ionic crystals. They
give the theoretical background for these calculations on the
basis of suitable thermodynamic variables such as the partial
gas pressure or the thermodynamic activity of one of the
components.26–28 These ideas have been extended to ternary
ionic compounds by Groenink and Janse29 under the assump-
tion that anion–cation antisite defects can be neglected.
These defects cannot be ruled outa priori in ternary semi-
conductors with mixed covalent and ionic bonding. There-
fore, an extension of the model that allows the direct calcu-
lation of the concentrations of all intrinsic defects has been
developed by one of the authors.3 It requires the knowledge
of the formation enthalpies and entropies, and the electronic
levels of all 12 intrinsic defects.

Direct measurements of formation enthalpies and entro-
pies of intrinsic defects of CIS have not yet been available
because of the complexity of the defect chemistry. Therefore,
one has to rely on indirect conclusions and theoretical esti-
mates. Two approximate calculations of the formation ener-
gies of intrinsic defects have been carried out for
CuInSe2.

24,25 They are summarized in Table II. Although
there are some discrepancies in the absolute values, the re-
sults show an agreement that there are only six defects,
which have formation energies below 5 eV. In addition, one
has to consider that the defects can occur in different charge
states. The numerical results of the defect concentrations are
presented as functions of the composition in a defect dia-
gram, which shows the majority defects for a given range of
compositions~Fig. 2!. One also obtains the free-carrier con-
centration based on the electronic levels of the majority de-
fects. It could be shown that one can obtain a good agree-
ment between the calculations and the observedp- or n-type
behavior. Typically, the deviations in the copper, indium, or
selenium concentrations are at least 1 at. %. Therefore, sto-
ichiometries close to the ideal composition are not consid-
ered here~white area in Fig. 2!.

Summarizing all results, one obtains that out of the 12
possible defects, only seven are relevant, the vacanciesVCu,
VIn , VSe, the cation–cation antisites CuIn, InCu, and the

anion–cation antisites CuSe, InSe. The remaining five defects,
in particular, all interstitial defects, occur at concentrations
that are orders of magnitudes lower compared to the domi-
nant defect concentrations. Four different regimes for large
deviations (.1at. %) from the ideal stoichiometry have to
be considered with the majority defects given in Fig. 2.

The charge states of the different defects are of essential
importance with respect to positron trapping. A schematic
presentation of the electrical behavior of the above men-
tioned dominating vacancies and antisite defects is shown in
Fig. 3. The scheme was drawn according to Refs. 24 and 25.

There are several experimental results showing the exis-
tence of such ionization levels in the band gap of CuInSe2. A
number of shallow levels have been measured and tenta-
tively related to some of the majority defects.27,30 A level at
70 meV above the valence-band edge was attributed to the
acceptor-type vacancyVCu

0/2 . Further acceptor-type levels

TABLE II. Calculated formation enthalpies~in eV! of intrinsic defects in CuInSe2. A formation entropyDS
53kB was assumed for all defects.

Defect VCu
0/2 VIn

0/2 VSe
0/1 Cui

0/1 Ini
0/1 Sei

0/2

Formation enthalpya 3.2 2.4 2.6c ••• ••• •••
Formation enthalpyb 2.6 2.4 2.8 4.4 9.1 22.4

Defect CuIn
0/2 InCu

0/1 CuSe
0/2 InSe

0/2 SeCu
0/1 SeIn

0/1

Formation enthalpya 1.9 1.6 5.4 5.0 6.0 5.2
Formation enthalpyb 1.5 1.4 7.5 5.0 7.1 5.5

aReference 24.
bReference 25.
cThe value was printed incorrectly in Ref. 24.

FIG. 2. Majority defects depicted in a ternary diagram of Cu, In, and Se for
larger deviations from ideal stoichiometry. There are four regions character-
ized by the dominating defects:~1! CuSe

21, CuIn
22, ~2! VSe

21 , InSe
22, CuSe

22, ~3!
InCu

21, VCu
2 , and ~4! InCu

21, VIn
22 , VCu

2 . The composition range bounded by
solid lines showsn-type conductivity.
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were found at 50 and 80 meV~assigned toVIn
0/2! and at 50

and 100 meV (CuIn
0/2). Donor-type defects were found at 60

and 80 meV (VSe
0/1) and at 20 and 50 meV (InCu

0/1) below the
conduction-band edge, respectively.

Since the sample is proved to be ofp-type conductivity
prior to and after electron irradiation, positron annihilation is
restricted to the detection of Cu and In vacancies.

It is known that negatively charged antisite defects may
act as shallow positron traps at low temperatures.10 It can be
concluded from Fig. 3 that InSe

2 , CuIn
2, and CuSe

2 are possible
candidates for these shallow traps inp-type material.

VI. RESULTS AND DISCUSSION

A. As-grown material

The composition of the investigated specimen~Cu 30
at. %, In 18 at. %, and Se 52 at. %! leads top-type conduc-
tivity and belongs to region 1 in Fig. 2 with the majority
defects CuSe

21 and CuIn
22. It is expected that the concentration

of any vacancy-type defect is orders of magnitudes lower
than the concentration of these antisite defects. This is in
agreement with the positron lifetime measurements of the
as-grown sample, where an average positron lifetime of
235.2 ps has been measured. Since we have detected a one-
component spectrum with the lowest lifetime ever observed
in our CuInSe2 samples, we conclude that this is the positron
lifetime in bulk material. This means that the concentration
of neutral and negatively charged vacancies is smaller than
about 531015 cm23.17 The experimentally determined value
is slightly higher in comparison with the calculated value of
228 ps~see Table I!. This difference is typical for such a type
of calculations using the superimposed-atom model and is
also found in other semiconductors.20 This discrepancy be-
tween the calculated and experimentally determined positron
lifetimes is usually taken into account by a scaling factor
~last column in Table I!.

B. Defects after electron irradiation

An increase in the average lifetime of about 30 ps indi-
cates the presence of a high density of open-volume defects
in the as-irradiated state~2 MeV electron energy, dose of

1018 cm22!. A decomposition of the spectra is not possible in
the annealing range between 90 and 250 K and at the mea-
surement temperature of 90 K. This is in accordance with the
observations in electron-irradiated III–V compounds,31,9 and
it is due to the competitive trapping of positrons in shallow
positron traps as well as in vacancylike defects~see the dis-
cussion below!. The average positron lifetime of about 260
ps indicates the presence of open-volume defects larger than
monovacancies, i.e., most probably divacancies. Although no
decomposition of the spectra is possible, this conclusion can
be drawn, since the average lifetime exceeds the calculated
value of monovacancies, which is 257 ps at maximum~see
Table I!.

Figure 4 shows the annealing behavior of irradiated
CuInSe2, reflected in a sharp decrease in the average positron
lifetime in the range between the temperature of sample in-
stallation~90 K! and 250 K.

As explained above, we conclude that divacancies de-
tectable by positrons disappear in the main annealing stage.
It is not possible to distinguish between several kinds of
divacancies because there is no information so far about
ionization levels, charge states, and dominating kind of
divacancies.

The determination of defect introduction rates of the
electron irradiation is rather complicated due to the lacking
spectra decomposition at low temperatures. The reason is the

FIG. 3. Schematic presentation of the ionization levels in the band gap of
the dominating defects, i.e., the vacancies and four of six possible antisite
defects in CuInSe2 according to Refs. 24 and 25.

FIG. 4. Average positron lifetime as a function of annealing temperature in
electron irradiated~E52 MeV, F51018 cm22, T54 K! CuInSe2 measured
at 90 K.
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competitive trapping between shallow traps and open-
volume defects and its complex temperature dependence.
Thus, the attempt of determining the vacancy-defect intro-
duction rate yields only a lower-limit estimation. We used
the average lifetime obtained at 90 K after irradiation and
transfer of the sample to the cryoheater system,t̄5266 ps.
The defect-related lifetime for divacancies is used in order to
determine the positron trapping ratek ~see the discussion
above!. This value is taken as the average over the three
theoretically calculated divacancy lifetimes,t25293 ps. k
was obtained according to Eq.~1!, k54.73109 s21. The
influence of shallow traps on this calculation ofk is ignored,
leading to a too low trapping rate of divacancies. Therefore,
only a lower-limit estimation for their concentration is ob-
tained. Using a trapping coefficient ofm5131016 s21, it is
determined to beCd.231016 cm23. We use this rather high
value ofm to stay in the framework of the lower-limit esti-
mation of the introduction rate of this defect. It should be
noted that the trapping coefficient could be one order of
magnitude smaller when neutral divacancies dominate the
positron trapping. The introduction rate is calculated as the
quotient of the divacancy concentration and the electron dose
to be .0.02 cm21 for a low-temperature irradiation. The
conceivable annealing processes between the irradiation tem-
perature and 90 K were neglected.

This lower-limit estimation of the introduction rate is
comparable to other elemental and compound semiconduc-
tors. A value of 0.03 and 0.3 cm21 was reported for low-
temperature electron irradiation ofp- and n-type Si,
respectively.32 An introduction rate of about 1 cm21 was
given for electron-irradiated GaAs (Tirr54 K).33 The total
introduction rate can, nevertheless, reach a very high value;
'7 cm21 was found for GaAs in one sublattice.33 The defect
concentration of shallow traps~see the discussion below!
suggests also a higher total introduction rate for CIS.

The positron lifetime reaches 235 ps, i.e., the positron
bulk lifetime after annealing at about 250 K and at a mea-
surement temperature of 90 K. This experimental result can
be explained either by the decrease in the concentration of
open-volume defects below the sensitivity limit of positron
annihilation, or by the fact that possibly existing vacancy-
type defects are positively charged. A further possibility
would be the existence of shallow positron traps, which are
completely dominating the positron trapping. The latter case
can be excluded by temperature-dependent positron lifetime
measurements, since the shallow traps should lose their trap-
ping efficiency at high temperatures~see Sec. III!. The result
of corresponding experiments performed after annealing at
265 and 340 K is shown in Fig. 5. Only a slight increase in
the average positron lifetime was observed, indicating that
only the first two explanations given above have to be taken
into account. Hence, we conclude that no neutral or nega-
tively charged open-volume defects are present in a consid-
erable amount in the annealing temperature range between
250 and 400 K.

A further increase in the average lifetime is detectable
above 450 K~see Fig. 4!. Obviously, a new defect type is
formed in this annealing range. A possible cause could be the
evaporation of one of the components of the ternary com-

pound, and consequently, the formation of vacancies in the
respective sublattice. However, this possibility is unlikely at
this low temperature. An annealing experiment of a reference
sample proved this assumption.

A very pronounced increase in the average lifetime at
high measurement temperatures was found at an annealing
temperature of 580 K~Fig. 5!. The temperature dependence
of the positron trapping in this annealing state is very dis-
tinct. The upper part of Fig. 5 shows the defect-related pos-
itron lifetime obtained as a result of the spectra decomposi-
tion of temperature-dependent measurements as (310
65) ps. It could be determined only in the temperature
range above 350 K. The decomposition was difficult below
this temperature due to the simultaneous trapping in shallow
positron traps.

The divacancy concentration can be calculated due to the
spectra decomposition. A defect concentration ofCd51.3
31017 cm23 was determined according to Eq.~1! at a mea-
surement temperature of 500 K after annealing at 580 K. We
used a trapping coefficient of 131015 s21.17 It is concluded
from the defect-related lifetime of 310 ps, in comparison to
the calculated lifetimes in Table I, that divacancies are

FIG. 5. The lower panel shows the average positron lifetime as a function of
measurement temperature in electron-irradiated~E52 MeV, F
51018 cm22, T54 K! CuInSe2 after different annealing steps. The fitted
curve~solid line! corresponds to the two-defect trapping model and is drawn
for the state after the 580 K annealing step. The upper panel shows the
defect-related lifetime obtained as a result of the two-component spectra
decomposition after annealing at 580 K. The spectra decomposition could
only be performed at higher temperatures due to competitive trapping by
shallow traps in the low-temperature range.
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detected. It is known that Cu and In atoms become mobile
at an annealing temperature of about 570 K
~DCu51.831028 cm2 s21, D In51.431028 cm2 s21!.34,35 The
diffusion coefficient of Se atoms is comparably very small
(DSe,1310212 cm2 s21) at this temperature.36

We assume that this defect type is created during anneal-
ing above 450 K due to a defect reaction of irradiation-
induced defects invisible for positions. Obviously, the pri-
mary annealing stage up to 250 K does not lead to a
complete annealing of the radiation defects. Part of the de-
fects survives the annealing stage that is completed below
250 K as defects invisible for positrons. Possible candidates
are defects or defect complexes containing no vacancies. In
the case that vacancies are part of the complex, it must be
concluded that the complex, or at least the vacancy, is posi-
tively charged. Therefore, one has to conclude that at least
three different defect types are involved in the annealing be-
havior up to 600 K.

In order to confirm that this ‘‘invisible’’ defect is caused
by the irradiation, an annealing experiment was performed
with an unirradiated reference sample. No change of the av-
erage positron lifetime was observed during an annealing up
to 1000 K.

Fits according to the trapping model were applied to the
temperature-dependent positron lifetime measurements after
annealing at 580 K. Positron trapping in and detrapping from
shallow traps corresponding to Eqs.~2! and ~3!, as well as
direct trapping in neutral vacancies, were taken into account
in the trapping model. There are four fitting parameters: the
trapping coefficient for the shallow trapsmst0, the binding
energyEb of the positrons to the shallow traps, the concen-
tration of shallow trapsCst, and the trapping rate of direct
trapping in vacancieskV . The model is complex and the
parameters are partly dependent on each other. Therefore, the
results of the fitting procedure should not be overestimated.
In all figures presented in this paper, dashed lines are only to
guide the eye, while solid lines correspond to fits.

The fit yields the following results: the binding energy of
positrons to shallow traps,Eb5(8865) meV, the trapping
coefficient for the shallow traps at 20 K,mst05(1.460.4)
31017 s21, the concentration of shallow traps,Cst5(1.5
60.4)31018 cm23, and the trapping rate of trapping in di-
vacancies,kV5(1.660.1)31010 s21. The latter value corre-
sponds to a divacancy concentration of (6.660.4)
31017 cm23. The discrepancy between this value and the
value obtained according to Eq.~1! ~compare the discussion
above! can be explained by the small but still existing influ-
ence of shallow traps even in the temperature range above
400 K. This can be seen from the slight increase in the av-
erage positron lifetime in this temperature range.

The errors given in the last paragraph are the statistical
errors found as results of the fits. It should be noted that the
real confidence range is larger due to the mutual statistical
dependency of the parameters. However, the accuracy is still
better than half an order of magnitude. The obtained values
are comparable to values obtained in other electron irradiated
compounds. The positron binding energy of the shallow traps
can directly be compared, whereas the defect concentrations
are directly linked to the actual irradiation conditions. The

values of 90, 65, and 120 meV found in GaAs:Zn,
GaAs:Te,37 and InP,9 respectively, are similar to the value
found in CIS.

As mentioned above, the CuIn
22 antisite defect is one of

the major defects, and it should represent the dominating
acceptor. Thus, this defect is the most probable candidate for
the observed shallow positron trap. However, no closer iden-
tification is possible with the applied experimental tech-
niques.

The fact that the divacancy concentration obtained after
580 K annealing is above the value estimated for the diva-
cancy concentration in the as-irradiated state is, at a first
glance, surprising. There is no contradiction between these
values since the value obtained at 90 K represents only a
lower-limit estimation. Obviously, a large number of shallow
traps influences strongly the estimation of the divacancy con-
centration at low temperatures.

Since the charge state of the divacancy is unknown, we
attempted to fit the positron lifetime taking into account a
negatively charged open-volume defect. The resulting curve
is identical with that of the other model~neutral divacancy!,
and the obtained quantities are also physically reasonable.
Therefore, we cannot distinguish between neutral or nega-
tively charged divacancies by our temperature-dependent ex-
periments. Positively charged defects are expected to repel
positrons and they should, thus, be no positron traps.

VII. CONCLUSIONS

CuInSe2 was studied after low-temperature~4 K! 2 MeV
electron irradiation. No positron trapping was observed for
the unirradiated sample, indicating that the concentration of
neutral and negatively charged vacancies is smaller than 5
31015 cm23. The positron bulk lifetime was determined to
be 235 ps.

An increased average positron lifetime indicates the ap-
pearance of divacancy-type defects after the first annealing
step during assembling the irradiated sample into the cry-
ostat. A lower-limit estimation of their introduction rate
yields a value of 0.02 cm21. The average positron lifetime
reaches the bulk value during the annealing treatment up to
250 K and increases again at annealing temperatures above
450 K. It is concluded that defect complexes undetectable by
positrons exist in the temperature range between 250 and 450
K. These are most probably complexes without vacancies or
positively charged defect complexes containing vacancies.
They undergo above 450 K a further defect reaction leading
to a divacancy signal of thermally more stable complexes.
Obviously, new neutral or negatively charged divacancy de-
fects are created with a concentration of about 1
31017 cm23.

A large number of shallow positron traps was detected
after electron irradiation. Thus, further irradiation-induced
defects exist in addition to the observed vacancy defects,
which are negatively charged and exhibit no open volume.
The CuIn

22 antisite defect is the dominating acceptor in the
investigated material according to a simple defect-chemical
approach,24 and may be responsible for the positron trapping
in these shallow positron traps.
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The positron bulk lifetime, as well as the defect-related
lifetimes for mono-, di-, and trivacancies, were theoretically
calculated according to the superimposed-atom model by
Puska and Nieminen.22
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