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CuInSe2 single crystals are studied by the Rutherford Backscattering of 2 MeV helium ions involving axial
channeling along the h221i direction of the chalcopyrite lattice. Experimental values of the critical angle
and normalized minimum yield are measured and compared with theory. The concentration of point
defects separately in the Cu, In, and Se sublattices, determined from the comparison of experimental
and theoretical minimum yields, are estimated as 4.7 � 1020, 1.0 � 1020, and 5.7 � 1020 cm�3, respectively.
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1. Introduction

CuInSe2-based solar cells are leading (in terms of conversion
efficiency and stability) thin film photovoltaic (PV) devices. Their
record efficiency on a laboratory scale is exceeding 20% [1]. How-
ever the gap between this value and the theoretical limit of effi-
ciency (about 30% [2] for a single junction solar cell) is very
significant suggesting a lack of knowledge on the basic physical
properties of CuInSe2. Very little experimental evidence can be
found in the literature on intrinsic structural defects although such
defects are used for doping CuInSe2 [3] to control the electric prop-
erties consequently influencing the performance of the CuInSe2-
based solar cells.

Concentrations of defects in CuInSe2 have mostly been esti-
mated using Hall effect [3], optical absorption [4,5], deep level
transient spectroscopy [6], neutron diffraction [7] and positron
annihilation [8]. However each of these techniques is sensitive to
particular defect types corresponding to the physical effect used
for the characterisation.

One of the experimental methods, which can provide reliable
information on the total concentration of structural defects in sin-
gle crystals of semiconductors is Rutherford Backscattering (RBS)
combined with ion channeling effect (RBS-C) [9]. Aligning a beam
of high energy positively charged ions along a low index crystal
axis results in a significant reduction of the backscattered yield
which become very sensitive to imperfections of the lattice and
in particular to atoms shifted from their lattice positions to inter-
stitial sites blocking the channels, space between the axial rows
of atoms in the lattice. However this technique requires high-
energy ion accelerators which are available in quite a limited
All rights reserved.
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number of the world research centres. Also successful application
of RBS-C requires high structural quality single crystals which are
difficult to grow due to complicated phase diagram of CuInSe2.
Therefore very few publications reporting the use of RBS-C for
studies of CuInSe2 and related compounds can be found in the lit-
erature. These publications concentrate mostly on relative changes
in the aligned spectra before and after various modifications of the
near surface layers of CuInSe2 [10–12]. Only one report [13] at-
tempts to compare minimum yields vmin in the aligned spectra of
CuInSe2, a basic experimental parameter of ion channeling, with
theoretical values and estimate defect concentrations in this mate-
rial. However in this report only the indium sublattice was ana-
lysed whereas the determined defect concentrations were
attributed to the whole lattice. No angular yield dependencies of
RBS yield in CuInSe2 have been published as yet.

In this paper we present results of experiments on the channel-
ing of He ions in high structural quality CuInSe2 single crystals.
Critical angle of dechanneling w1/2 and normalised minimum
yields vmin, determined separately for the Cu, In, and Se sublattices,
were compared with theoretical values. Defect concentrations
were estimated separately for each sublattice.

2. Materials and methods

Single crystalline ingots of CuInSe2 were grown using the verti-
cal Bridgman technique [14]. Samples of about 2 mm thick with
dimensions of 7 � 7 mm2 were cut from middle parts of the ingots
perpendicular to the direction of growth by a diamond wire saw.
Surfaces of the samples were prepared for RBS-C experiments by
polishing with different grades of diamond pastes from 5 to
1 lm, etching in 5% bromine–methanol solution and annealing at
300 �C. Details of this procedure are described in Ref. [10]. X-ray
diffraction (XRD) measurements show the presence of only

http://dx.doi.org/10.1016/j.nimb.2013.01.039
mailto:michael.yakushev@strath.ac.uk
http://dx.doi.org/10.1016/j.nimb.2013.01.039
http://www.sciencedirect.com/science/journal/0168583X
http://www.elsevier.com/locate/nimb


280 300 320 340
0

200

400

600

YminCu

YminSe

Cu

YminIn

Se

R
B

S
 y

ie
ld

, c
ou

nt
s

Channel number

In

Fig. 2. RBS h221i aligned spectrum (d), Se (h), and Cu related aligned RBS yields
(s). The regression lines, extrapolating flat parts of the indium and selenium
aligned yields, are solid and dash lines, respectively.
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chalcopyrite phase. The chalcopyrite structure of CuInSe2 can be
derived from the cubic sphalerite one of ZnSe by an ordered
replacement of Zn with alternating Cu and In. The difference in
the Cu–Se and In–Se bonding results in a small tetragonal distor-
tion s = 1 � c0/2a0 of the lattice [15], where a0 = 0.5783 and
c0 = 1.1620 nm are the lattice parameters along and perpendicular
to the tetragonal direction, respectively, for the analysed samples.
In the characterised samples s was measured to be of about �0.5%.
Because of the small value of this distortion we assumed the lattice
to be diamond-like where c0 � 2a0.

Using Energy Dispersive X-ray analysis (EDX) the elemental
composition of the samples was found to be close to the ideal stoi-
chiometry Cu:24.2, In:25.9, and Se:49.9 at.%. Electron channelling
(Kikuchi) patterns (ECP) were obtained from various points across
the surfaces prepared for RBS-C experiments. The similarity of such
patterns was taken as evidence that the samples are single crystals.
In all the samples the h221i crystallographic direction of the chal-
copyrite structure, corresponding to the h111i direction in dia-
mond structure, was found to be within 5� from the normal to
the surface.

The RBS-C measurements were carried out using a beam of
2 MeV He ions from a Van de Graaff accelerator incident to the sur-
face. A scattering angle of 168� has been employed. The yield of
backscattered He ions was detected by a surface barrier solid state
detector with an energy resolution of 25 keV. The analyser channel
number x in our RBS spectra is proportional to an energy E of the
backscattered ions as E = dx, where d = 5 keV corresponding to
one channel of the analyser. The total number of incident ions
has been evaluated by measuring the charge delivered to the sam-
ples. For the RBS spectra charges of either 20 or 40 lC have been
collected. The channeling mode experiments have been carried
out along the h221i axis using a goniometer with two perpendic-
ular axes of rotation (u and h angles) with reproducibility of
0.02�. The random spectra were collected directing the ion beam
5� away from the h221i axis while slowly tilting the samples about
this axis to avoid channeling effect from axes and planes.
3. Results

3.1. Aligned and random spectra

Typical 40 lC RBS random and h221i axis aligned spectra are
shown in Fig. 1. RBS spectra from ternary compounds can be con-
sidered as the sum of three RBS yields corresponding to the three
elements constituting the compound. Each yield is shifted on the
energy scale according to the element mass. The random spectrum
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Fig. 1. RBS aligned (h), for the He ion beam oriented along the h221i direction, and
random (s) spectra in CuInSe2 single crystals.
in Fig. 1 reveals three distinct shoulders associated with the RBS
yields from In, Se and Cu. The edges of the shoulders have shapes
of integrated Gaussians due to limited resolution of the measure-
ments. The channel numbers corresponding to the three atomic
species on the surface are shown by the arrows. Directing the He
ion beam along the h221i axis causes a dramatic reduction in the
backscattering due to the axial channeling effect.

The aligned spectrum is shown in Fig. 2 using a reduced scale.
The two well resolved surface peaks in this spectrum, associated
with direct backscattering from In and Se atoms on the surface,
can clearly be seen due to the large RBS cross sections of these ele-
ments whereas the Cu-related peak is less distinct due to a smaller
RBS cross section of Cu. The gradual increase of the RBS dechannel-
ing background with depth is caused by thermal vibrations of the
lattice atoms and structural defects causing a gradual increase of
the mean transverse energy of the channeling particles which in-
creases the probability of dechanneling and large angle scattering.
The high-energy edge of the aligned spectrum corresponds to scat-
tering from the near surface layer. Helium ions lose their energy as
they move through the crystal so the aligned spectrum beyond the
surface peak represents a progressively increasing depth. The min-
imum yield and slope of the aligned spectrum are used as param-
eters of the structural quality: the smaller the minimum yield and
the slope the higher the structural lattice quality.

3.2. Angular dependence of aligned yield

The angular dependence of the RBS spectra has been measured
by tilting the h221i axis of the crystal through the beam direction.
The normalised yield v(u) has been calculated as the sum of the
yields in 7 channels right before the indium surface peak in the
RBS spectra at each angle divided by the sum of the yields in the
random spectrum in the 7 corresponding channels. This angular
dependence is shown in Fig. 3.

The critical angle w½ = 0.80� ± 0.02�, determined as the half
width at the midway between vmin and unity, corresponding to
the normalised random yield, is related to the indium sublattice
of CuInSe2. Critical angles for axial channeling can be estimated
by the characteristic angle w1 of the Lindhard’s theory [16] as
w½ = aw1 where the value of a can be between 0.8 and 1.2 depend-
ing on the vibrational amplitudes of the lattice atoms [9]. The Lind-
hard’s theory has been adopted by Picraux et al. [17] for the case of
channeling in lattices with diamond like structures of multinary
compounds. At the condition w1 6 a/d, where a is the Thomas–
Fermi screening distance and d is the average lattice spacing along
the axis, w1 can be calculated [16] as:
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Fig. 3. The angular dependence of the normalised RBS yield from the In sublattice
about the h221i axis.
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Fig. 4. A comparison of the aligned spectra measured at different points of the
surface of the same CuInSe2 crystal.

Table 1
Normalised values of the experimental RBS minimum yields vmin-ex averaged over the
three aligned spectra and their statistical errors of the mean reflecting the precisions,
mean squared values of thermal vibration amplitudes u, theoretical RBS minimum
yields vmin-th, and estimates of the defect concentrations for the Cu, In, and Se
sublattices (absolute values Nd and normalised by the atomic densities of the
elements nd).

Sublattice Cu In Se

vmin-ex, % 6.4 ± 0.8 4.3 ± 0.2 5.6 ± 0.2
u, nm 0.0134 0.0186 0.0121
vmin-th, % 1.8 3.4 2.9
Nd 1020, cm�3 4.9 ± 0.9 1.0 ± 0.3 5.7 ± 0.4
nd, % 4.7 ± 0.8 0.9 ± 0.3 2.8 ± 0.2
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w1 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Z1Z2e2=Ed

q
; ð1Þ

where Z1 are Z2 are the atomic numbers of the projectile and aver-
age atomic number of the target atoms, respectively, e is the charge
of electron, and E is projectile energy. Traversing CuInSe2 along
h221i rows of atoms, containing three types of atomic species,
channeling ions are influenced by the average potential of the rows.
For such a potential average atomic spacing d and average atomic
number Z2 can be used.

The average atomic spacing along the h221i direction was cal-
culated as d ¼ a0

ffiffiffi
3
p

=2 [17] making d = 0.5002 nm. The string of
atoms along the h221i axis contains all the three atomic species
Cu, In and Se in the proportion [Cu]:[In]:[Se] = 1:1:2 therefore
the average atomic number can be calculated as Z2 = (ZCu + ZIn + 2-
ZSe)/4. Thus for the h221i axis w1 = 0.83o (0.014 rad). The Thomas–
Fermi screening distance was calculated assuming the d and Z2

averaged along h221i:

a ¼ 0:8853 � aB=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z2=3

1 þ Z2=3
2

q
; ð2Þ

where aB is the Bohr radius. The ratio a/d = 0.026 rad is greater than
w1 confirming the validity of expression (1).

The calculated value of w1 is very close to the experimental w½

making the ratio w½/w1 = a = 0.965 very close to unity which is
very similar to a = 1.00 in GaAs and Ge measured using 1.9 MeV
He ions whereas in GaP w½, measured from the RBS yield of heavier
Ga, is noticeably greater than w1 making a = 1.17 in GaP [17].

3.3. Minimum yield

The normalised minimum yield vmin is calculated as vmin =
YAmin/YR, the ratio of the minimum spectral yield in aligned spec-
trum YAmin and the random spectrum yield YR at the same channel
number as shown in Figs. 1 and 2. Random and h221i aligned spec-
tra were measured in a number of CuInSe2 samples. The value of
vmin in these samples varied from 3.8% to 14% depending on the
quality of the crystal lattice. The CuInSe2 crystals of the highest
available structural quality have been chosen to estimate concen-
trations of structural defect in the lattice. Three aligned spectra,
two for 20 and one for 40 lC, measured at three different points
across the surface of this sample are shown in Fig. 4. Their intensi-
ties are normalised according to their charges for comparison. It
can be seen that the structural quality of the lattice in these three
points is quite similar although some scatter is present. The two
20 lC spectra demonstrate a greater scatter than the 40 lC one.
To calculate YAmin the sum of the yields in three consecutive chan-
nels in each aligned spectrum just before the indium surface peak
were divided by the sum of the three corresponding channel yields
in the random spectra YR. An average value of vmin-ex = 4.3% ± 0.2%,
where 0.2% is the statistical error of the mean [18] reflecting the
precision for the three measurements. In monatomic crystals the
minimum yield vmin represents structural quality of the whole lat-
tice whereas in multinary compounds vmin with significantly dif-
ferent masses of the constituent elements is related to the RBS
yield from the heaviest element and represents structural quality
of the heaviest element sublattice.

In CuInSe2, the high energy part of the RBS spectra, channels
from 330 to 355, are associated with In. The yield from the next
heaviest element, Se, is shifted by about 21 channels towards low-
er energies overlapping the yield from In before the 330 channel.
The yield from the lightest element, Cu, is shifted towards lower
energies by further 15 channels overlapping both yields from In
and Se. Therefore both YAmin and YR, shown in Fig. 1, as well as their
ratio vmin are associated with just the indium sublattice. Therefore
vmin-ex = 4.3%, shown in Table 1, is associated with the In sublattice.

To determine YminSe, associated with just selenium sublattice,
the indium RBS yield has to be subtracted from the total aligned
spectrum. The flat and monotonous high-energy part of RBS
aligned spectra before the corresponding surface peak can be
approximated by straight line. Such linearity, up to the surface
peaks in the aligned spectra, can clearly be seen in Figs. 1, 2 and
4. The flat and monotonous shape of the RBS random yield be-
tween the edge corresponding to the surface for each element
and the beginning of a lighter element shoulder suggests a depth
homogeneous elemental composition of CuInSe2 in the near
surface layer. The flat and monotonous shape of the aligned spec-
trum between the surface peaks suggests a depth homogeneous
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Fig. 5. RBS random spectrum taken for CuInSe2 single crystals (d), Se and Cu
related random RBS yield (h), Cu related random RBS yield (s), the regression lines,
extrapolating the indium and selenium random yields, are solid and dash lines,
respectively.
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defect concentration within the layer corresponding to the energy
range of the spectrum. The indium related part of the aligned spec-
trum before the In surface peak was approximated by a straight
regression line fitted to the experimental points of the aligned
spectrum between the In and Se surface peaks as shown in Fig. 2.
To estimate YminSe for the Se sublattice this line, extrapolating the
indium aligned yield under the selenium one, has been subtracted
from the aligned spectrum. The Se aligned yield after such a sub-
traction is shown in Fig. 2.

To estimate YR in the Se sublattice the experimental points of
the random spectrum, corresponding to flat In shoulder was fitted
with the function A/(E0 + E)2, where E0 is the energy of incident
ions, E is the energy of a detected ion, that produces counts in
channel x and A fitting parameter [19]. Fig. 5 shows the fitted
curves as well as the Se random spectrum after the subtraction.
A normalised minimum yield of vminSe = (5.6 ± 0.2)% for the Se sub-
lattice, calculated as an average value for the three aligned spectra,
is shown in Table 1. Where 0.2% is the prescision for the three
measurements.

The accuracy of the Se aligned yield is determined by the error
of the intercept and slope of the straight regression line y = y0 + kx,
where y is an approximation of the experimental yield Y in channel
x, y0 intercept and k slope, best fitted into the experimental data.
An error of the normalised Se minimum yield of ±9.3% is quite sig-
nificant. Because it exceeds the normalised minimum yield for Se
we can estimate only the upper possible limit of vminSe to be about
15%. It includes both the error of the extrapolation by the regres-
sion line at the channels corresponding to YminSe in the Se aligned
yield and the error of YR in the Se random yield, extrapolated by
A/(E0 + E)2, at the corresponding channels. However the error of
the mean, precision of vminSe for the three aligned spectra is
±0.2% as shown in Table 1.

A similar procedure has been used to decompose Se and Cu re-
lated aligned yields by subtracting the Se related one, approxi-
mated by a regression line fitted to the experimental points of
the Se aligned spectra, as shown in Figs. 2 and 4. The random spec-
trum, corresponding to the flat Se shoulder was also fitted with the
function A/(E0 + E)2 as shown in Fig. 5.

A normalised minimum yield of vminCu = 6.4% for the Cu sublat-
tice, calculated as an average value for the three aligned spectra, is
shown in Table 1.

The accuracy of the Cu aligned yield is determined by errors of
the parameters of the regression line best fitted into the experi-
mental data associated with Se extrapolating the flat part between
the Se and Cu surface peaks. An error of the normalised Cu mini-
mum yield of ±19.0% is very significant. It also includes both the er-
ror of extrapolating the regression lines up to the channels
corresponding to YminSe in the Se aligned yield and the error of YRSe

in the Se random yield extrapolated by A/(E0 + E)2 at the corre-
sponding channels. Because it exceeds the normalised minimum
yield of Cu we can estimate only the upper possible limit of vminCu

to be about 25%. However the precision, calculated from the scatter
of vminCu in the three aligned spectra is very reasonable ±0.8% and
shown in Table 1.

The normalised minimum yield vmin in a monatomic lattice can
be expressed [16] as:

vmin ¼ pNdr2
min; ð3Þ

where rmin is the closest distance of approach between the channel-
ing ion and the row of atoms along the axis of channeling and N
atomic concentration. The ions approaching closer than rmin

dechannel. The most accurate reported theoretical value of vmin

can be determined from an empirical function best fitted into com-
puter calculated energy dependence of minimum yield [19]:

vmin�th ¼ 18:8Ndu2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ½126u=ðw1=2dÞ��2

q
; ð4Þ

where u is the mean square amplitude of thermal vibrations of the
atoms, constituting the axis of channeling, in the plane perpendic-
ular to this axis. These amplitudes, derived by Zahn and Paufler
[20] for Cu, In, and Se atoms in the CuInSe2 lattice from the
Debye–Waller temperature factors assuming isotropic distribution,
are shown in Table 1.

Theoretical estimates of the normalised minimum yields vmin-th,
were calculated using expression (4) for each of the CuInSe2 sublat-
tices assuming u and N values for Cu, In and Se. These vmin-th are
shown in Table 1. A comparison of vmin-th and vmin-ex demonstrates
that the theoretical values are smaller than the experimental ones
although being in the close range. Similar discrepancies have been
reported for other material with monatomic lattices as well as
compounds [17] and attributed to surface contamination as well
as to the presence of structural defects in the lattices.

The surfaces of the analysed samples were prepared using the
standard procedure [10] suggesting that the differences between
vmin-th and vmin-ex can rather be related to differences in the vol-
ume concentrations of defects. Normalised defect concentration
nd can be estimated [21] using the following expression:

nd ¼
Nd

N
¼ vmin�ex � vmin�th

1� vmin�th
; ð5Þ

where Nd is the concentration of atoms displaced from their lattice
sites into interstitial positions, where they block the channels, caus-
ing an increase of backscattering which was not taken in account in
expression (4) and nd is the fraction of the displaced atoms. Such
fractions of copper, indium and selenium scattering centres were
calculated at the assumption of a homogeneous distribution of
the channeling ion flux in the transverse plane of the channels
and randomly distributed scattering centres. For more accurate cal-
culations of the concentrations of displaced atom dechanneling
cross-sections depending on the defect nature and their lattice loca-
tions as well as flux peaking of channeling ions should be taken into
account. Without such additional information the determined val-
ues of nd can be used as first order estimates of the fraction of the
lattice atoms shifted from the lattice sites to interstitial positions.
The absolute accuracy of such estimates can be particularly low,
in the case of extended defects which have rather different dechan-
neling effects in comparison with arrays of randomly distributed
interstitial atoms. But for relative comparisons of the defect concen-
tration the method can give interesting and unique information.
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The values of nd, calculated for the Cu, In and Se sublattices
using vmin-th and vmin-ex, are shown in Table 1. The estimated upper
limit of the defect concentration in each of the Se and Cu sublattic-
es can be up to 2.5 � 1021 cm�3 due to the uncertainties of
calculations of the normalised minimum yields. The absolute con-
centrations of defects for each of the three sublattices are also
shown in Table 1. The total concentration of defects as the sum
of that in each sublattice is 1.2 � 1021 cm�3 whereas its upper limit
can be as high as 12% of all atoms. The errors of these estimates,
shown in Table 1, are precision for the three aligned spectra and
do not reflect the accuracy of the dechanneling model.

4. Discussion

The defect concentrations shown in Table 1 are significantly
higher than that of the donors and acceptors obtained from Hall
measurements [3,4], optical absorption [5] or DLTS [6]. This dis-
crepancy can be explained by differences in the scope of defects
each particular technique is sensitive to. For example a high level
of compensation in the material, which contains nearly equal con-
centrations of donors and acceptors leaving net concentrations of
the charge carriers of 1016 � 1017 cm�3. However the total defect
concentration of 7 � 1020 cm�2, determined using neutron scatter-
ing [7], in CuInSe2 with similar copper to indium ratios is quite
close to our estimate of 1.2 � 1021 cm�3. A similar value of
8.5 � 1020 cm�2 has been determined by Neumann [13] for a
CuInSe2 single crystals with vmin = 6%. Analysing vmin only in the
indium sublattice and then assigning the obtained defect concen-
tration to the whole lattice resulted in an underestimation of final
values.

Comparing the fractions of displaced atoms in different sublat-
tices in Table 1 one can see that nd in the Se and especially in the Cu
sublattices are significantly greater than that in the In one suggest-
ing that the fractions of Cu and Se atoms displaced from their lat-
tice sites to interstitial positions are greater than that of In.

Such interstitial positions could be copper and selenium inter-
stitial atoms, Cui and Sei, respectively. The transverse plane distri-
bution of the channeling ions in the near surface layer is essentially
inhomogeneous due to the flux peaking effect [22]. The concentra-
tion of channeling ions at the channel centre is significantly higher
than that close to strings of atoms. Considering the presence of Cui

and Sei we can expect their concentrations to be significantly smal-
ler than the values in Table 1. The monovalent nature of copper
leads to a low formation energy of copper vacancies [23] and high
mobility of interstitial copper atoms [24] making these defects
quite likely to be present in CuInSe2.

On the other hand the high vAmin for the Se sublattice is quite
consistent with the presence of high concentrations of copper
vacancies VCu. Every copper atom in the CuInSe2 lattice bonds four
selenium atoms. The presence of a copper vacancy should induce
small shifts of four Se atoms surrounding such a vacancy. A low
formation energy of VCu is predicted by theoretical studies [23].
The presence of VCu is supported by the direct observation of such
vacancies in CuInSe2 single crystals using scanning tunnelling
microscopy (STM) [25]. Also the STM studies demonstrated the
presence of indium on copper site InCu. Such defect as well as cop-
per on indium site CuIn should also generate small shifts of the sur-
rounding selenium atoms from their lattice positions. Recent
neutron diffraction experiments on CuInSe2 with the similar cop-
per to indium ratios [7] also suggest the presence of VCu and CuIn

at concentrations of 4 � 1020 and 3 � 1020 cm�3.
Thus the presence of high concentrations of copper vacancies,

antisite defects InCu and CuIn, as well as relatively small concentra-
tions of Cui can explain high dechanneling rates in high structural
quality CuInSe2 single crystals.

5. Conclusions

Single crystals of CuInSe2 have been studied by the Rutherford
backscattering of 2 MeV helium ions involving axial channeling
along the h221i direction. Experimentally determined critical an-
gle w1/2 and normalised minimum yield vmin were compared with
theoretical values. The concentration of point defects in the Cu, In,
and Se sublattices, derived from vmin, was estimated to be
4.9 � 1020, 1.0 � 1020 and 5.7 � 1020 cm�3, respectively.
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