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Positron annihilation spectroscopy has been used to investigate CuInSe2 solar cell thin films. The films were
grown on Mo-coated soda lime glass substrates by the electrochemical deposition processing technique.
As-grown samples are found to contain large concentration of vacancy defects. The selenium (Se) atmosphere
and sulfur (S) atmosphere annealing of as-grown samples at 800 K can dramatically reduce the number of va-
cancy defects and the film becomes crystalline. In addition, a defect layer of about 50 nm thicknesswas observed
at the surface of the CuInSe2 thin film. This layer results from the electrochemical depositionmethod, but the de-
fect concentration in the defect layer can be greatly reduced by annealing in selenium atmosphere. The Doppler
broadening line shape parameter correlation plot provided evidence that the positron trapping defect states
where in three samples.

Crown Copyright © 2012 Published by Elsevier B.V. All rights reserved.
1. Introduction

Chalcopyrite semiconductors are suitable materials for optoelec-
tronic devices due to their direct band gaps. So far, they have been
mainly used as absorber materials in polycrystalline thin film solar
cells. The thickness of the required layer is often below 2 μm, contrib-
uting to the potential for this technology to produce cheap photovol-
taic devices. CuInSe2 (CIS) and its derivative Cu(In,Ga)Se2 have been
used as absorber for high efficiency photovoltaic devices which result
in stable device performance [1–5]. The conversion efficiency of labora-
tory thin film CIS-based solar cells has surpassed 20% [6,7]. CuInSe2 has
a direct band gap of about 1.05 eV that is close to the optimumband gap
for solar cell of Eg,opt=1.35 eV, as it was calculated by Henry [8] for
terrestrial conditions. Compared to the other known semiconductors,
CIS has the highest absorption coefficient; it exceeds 105 cm−1 [9].

The electric properties of polycrystalline CIS thin film solar cell are
strongly influenced by the presence of defects [10,11]. These defects
include native point defects (vacancies, divacancies, interstitials, etc.)
and extended defects (dislocations, grain boundaries, etc.) that result
from deviations from the stoichiometric composition caused by the
preparation process. The defect physics of CIS is known to be complicated
due to the great number of native defects and complex defects [12].
However, understanding of the performance of CIS requires knowl-
edge about defects which are expected to dominate its properties.
12 Published by Elsevier B.V. All rig
Positron annihilation spectroscopy (PAS) performed using a mono-
energetic positron beam with variable energy, is well suited to the
non-destructive study of stoichiometry defects in thin films due to its
sensitivity and selectivity to vacancy defects [13–15]. In recent years,
a lot of significant results have been achieved by applying positron
annihilation techniques into thin film defect studies [12,16–19]. For
the purposes outlined in thework, we employed two different positron
annihilation spectroscopies: variable-energy positron annihilation life-
time spectroscopy and Doppler broadening spectroscopy coupled to a
slow mono-energy positron beam.

2. Experimental details: sample preparation and positron
annihilation spectroscopy

In this section, we present the sample preparation firstly and then,
the details of PAS experiments will be given. The CuInSe2 samples
studied in this work were grown by the electrochemical deposition
processing technique described in detail elsewhere [20,21]. The CIS
thin films were electrodeposited on Mo coated soda-lime glass sub-
strates. Three electrode systems with aquatic solutions containing
the analytical reagents CuSO4, In2(SO4)3, H2SeO3, and Na2SO4 were
used. The concentration of solution was chosen to be 3 mmol/L CuSO4,
3 mmol/L In2(SO4)3, 5 mmol/L H2SeO3, and 0.1 mol/L Na2SO4 which
was chosen to be the supporting electrolyte. The solution pH value
was adjusted to 2.2 by the addition of H2SO4. Electrodepositionwas car-
ried out in a potentiostatic mode at−0.55 V vs. saturated calomel elec-
trode using an electrodeposition station (CHI 660C). The thickness of
the films was about 1 μm (Fig. 1). The as-grown CIS thin films were
hts reserved.
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Fig. 1. Schematic drawing of the layered structure of the CuInSe2 solar cell thin film (a), the micrograph of CuInSe2/Mo/glass solar cell thin film cross section (b) and surface (c) was
observed using scanning electron microscopy (SEM, JEOL JSM-6390LA) with an accelerating voltage of 10–15 kV.

Fig. 2. Positron depth profile in CuInSe2 calculated for indicated positron incident
energies according to Ref. [29] and Ref. [30] with the parameters ρ=5.77 g/cm3, m=2,
n=1.6 and A=400. The inset shows a zoomof the data in themain panel, for positron in-
cident energies between 10 and 20 keV. The dashed line in the inset indicates the mean
penetration depth �z for 18 keV.
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annealed in selenium atmosphere (Se-atm) and in sulfur atmosphere
(S-atm) respectively. The detailed annealing procedure was described
in our previous studies [22,23]. The background pressure in the system
was 10−1 Pa and the annealing temperature was kept at 800 K for
20 min.

PAS experiments were done at room temperature. Two PAS tech-
niques were employed to research defects in CIS thin film, using
radioactive 22Na isotopes as a positron source. Firstly, we discuss
briefly the positron lifetime experiments, which employed a pulsing
positron beam system from the IHEP, China [24–26]. The positron
beam based lifetime system is an improved version of one described
previously by Szpala et al. [27]. The time resolution was about
0.3 ns full width at half maximum and the peak-to-background ratios
ranged from 300 to 600. The time window is about 26.7 ns wide with
a channel width of 25 ps. The total number of counts per spectrum
ranged about two million. The measurements were performed at the
positron energy of 10 keV, corresponding to a mean positron implan-
tation depth of ~300–400 nm for the bulk lifetime. After subtracting
the source and background components, the lifetime spectra were
fitted to the following expression:

L tð Þ ¼ R⊗∑
i
Ii exp −t=τið Þ

where τi is one of the lifetime components of the spectra, and Ii is the
corresponding intensity. Taking into account the convolutionwith the
instrumental resolution R, the experimental data can be fitted with
several positron lifetime components by the software LIFETIME 9
(J. Kansy, Inst. of Phys. Chem. of Metals, Silesian University, LIFETIME
version 9.0 (June 2002)).

As a second technique, we carried out Doppler broadening spec-
trometry bymeasuring the positron–electronmomentumdistribution
at room temperature coupled to a slow positron beam. Doppler broad-
ening spectra of positron annihilation radiation are characterized by S
andW parameters. The S-parameter mainly reflects the change due to
the annihilation of positron–electron pairs with a low-momentum
distribution while theW-parameter for high-momentum distribution.
The low-S and high-Wmomentum annihilation fractions in our exper-
iments were measured in the momentum range (0–2.80)×10−3 m0c
and (10.5–26)×10−3 m0c, respectively, whatever the value of the
positron energy. The S and W values were recorded as a function of
the positron energy Ep between 0.07 and 20.0 keV using a slow posi-
tron beam. For the keV energy of positron, the probability of its im-
plantation depth is given by [28,29]

P z; Eð Þ ¼
m ρΓ 1þ 1
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where P is the probability of positron implantation depth, m is the
shape parameter, z is the depth from the surface, E is the energy of
the positron, and ρ is the material density. In addition, the empirical
parameters A≈400, m=2 and n=1.6. The positron mean implanta-
tion depth in CIS varied from 0 to 1200 nm in this energy range. The
positron implantation profiles are represented in Fig. 2 for several pos-
itron incident energies in the range E=1.5–20 keV.
3. Results and discussion

Fig. 3 depicts the positron lifetime spectra of these three samples
measured using the positron beam implantation energy of 10 keV. It
shows a shorter positron lifetime for the annealed films, consistent
with the reduction in the size and/or concentration of positron trap-
ping defects. The analysis revealed that the spectra consist of only
one lifetime component and the reduced variances of fit (χ2) were
in the range of 1.0–1.2 for the analyses. Table 1 lists the bulk lifetime
of experimental measurements (as-grown, Se-atm and S-atm) and
theoretical calculation [30]. Obviously, the bulk lifetime is lessened
by the selenium atmosphere and sulfur atmosphere annealing. The
observed lifetime of Se-atm is close to the value that has been ob-
tained for the divacancies in CuInSe2, from the theoretical calculation
of the positron lifetimes in Ref. [30] and Ref. [31] (see Table 2). The
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Fig. 3. Positron lifetime spectra of these samples (as-grown, Se-atm and S-atm) at E=
10 keV. The inset shows a zoom of the data in the main panel, for channel number
between 1200 and 1280.

Table 2
Calculated positron lifetimes of different vacancies in ps.

Lifetime [31] Lifetime [32]

Bulk 235 240
VCu 250 262
VIn 257 284
VSe 253 257
VCu–VIn 272 291
VCu–VIn 301 361
VIn–VSe 307 328
VCu–VCu – 277
VIn–VIn – 298
VSe–VSe – 278
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lifetime of S-atm (276 ps) suggests the presence of smaller vacancy
defects in the sample.

Fig. 4 shows the variation of the positron annihilation Doppler
broadening S-parameter as a function of incident positron beam ener-
gy Ep for the three samples (the W–E curves mirror the S–E data and
are not shown here). The S-parameter profile reflects the structure of
the layered CIS/Mo/glass solar cell system. Up to positron energies of
18 keV (corresponding to about 1 μm mean implantation depth in
Fig. 2), the S-parameter can be assigned to the CIS layer. The variation
of S at low energies (Eb4 keV) is due to positron trapping at the sur-
face. For higher incident energies (E>18 keV), S-parameter is due to
annihilation in the Mo/glass substrate and is therefore not relevant
for this study.

The starting value of the S-parameter corresponding to Ep=
0.07 keV, is characteristic of the surface and this value is initially higher
for Se-atm and S-atm as compared to the as-grown sample. As the beam
energy increases, positrons probe the CIS region. For the as-grown sam-
ple, the S-parameter initially increases steeply and it exhibits a broad
maximum between 1 and 3 keV, beyond which it starts decreasing
sharply. Then, it gradually remains steady with the Ep>4 keV. In the
case of Se-atm, an initial sharp reduction in S-parameter is observed
and further, it holds a slow decrease between 3 and 10 keV, and gradu-
ally attains steady value beyond 12 keV. S-atm shows a similar behavior
and the observed S-parameter value is lower than that of Se-atm. At
higher incident beam energies (beyond 18 keV), the positrons probe
deeper depths corresponding to the Mo substrate. At these sample
depths, the S versus Ep curves for the all the samples tend towards the
Mo substrate value.

Compared to the other two samples, the higher S-parameter
observed for the as-grown sample indicates that it contains a large
concentration of open volume defects. In the case of S-atm, which is
annealed in sulfur atmosphere, the stoichiometric defects are further
reduced, which is brought out clearly with the lowest observed
S-parameter. The decrease in S-parameter observed by the positron
beam with energy between 3 and 18 keV (Se-atm, S-atm) indicates
that the number of these vacancy defects was reduced by the annealing
Table 1
Calculated and experimental positron lifetimes in ps.

Theoretical calculation [28] Experimental measurement

Perfect lattice As-grown Se-atm S-atm

Bulk lifetime (τ) 235 459±2.7 355±2.6 276±6.1
in selenium and sulfur atmosphere. These results are consistent with
the positron lifetime spectra measurements described above.

In the CIS surface region, the S-parameter decreases with the ener-
gy of the positron increasing (Se-atm, S-atm). The decrease has a
strong contribution from surface effects [14,15] (i.e., annihilation of
positron or positronium atoms on the sample surface). That is be-
cause the low injection energy makes most of the positrons remain
in the CSI surface region, and part of the positrons diffuse back to
the surface to annihilate in surface states. For this reason, with in-
creasing of the positron energy, the decreased number of the posi-
trons that diffuse back to the surface causes the S-parameter to
gradually decrease. However, the S-parameter of the as-grown sam-
ple has an unusual variation in that it increases with the positron
energy. And the S-parameters of as-grown and S-atm samples have
sharply decreased when the positron energy is near 4 keV. These sig-
nificant phenomena indicate that a defect layer exists in the CuInSe2
solar cell thin film surface. The defect layer results from the electro-
chemical deposition. In comparison with the S-atm, annealing in sele-
nium atmosphere can reduce a large number of defects in the defect
layer.

Take into account the diffusion of the positrons in each layer, the
experimental S-parameter versus Ep curves were analyzed using the
code VEPFIT [32,33], by assuming a three-layer model comprising of
the defects layer, bulk layer and Mo layer for each sample. The posi-
tron diffusion equation is solved to fit the experimental data, so as
to deduce the S-parameter, positron diffusion lengths and boundary
layer thickness corresponding to various assumed layers. The VEPFIT
fitting results are plotted in Fig. 5 for a better visualization. From
Fig. 4. Low-momentum annihilation fraction S-parameter versus incident positron
energy Ep for samples of as-grown, Se-atm and S-atm. The mean positron implantation
depth is shown on the top axis.
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Fig. 5. Resolved S-parameter of CIS versus sample depth, extracted from VEPFIT spectra
simulation. The variances of fit (χ2) are in the range of 1.2–1.8. Samples of as-grown
(solid line), Se-atm (dashed line) and S-atm (dash dotted line).
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this analysis, the thickness of the defect layer in as-grown, Se-atm and
S-atm samples was deduced as 47.2±7, 53.6±2 and 38.0±2 nm,
respectively. The deduced positron diffusion lengths in the defects
layer for as-grown, Se-atm and S-atm samples are found to be
2.85±0.3, 5.24±0.4 and 4.36±0.7 nm respectively. The shorter dif-
fusion length in the as-grown sample signifies a larger concentration
of positron trapping vacancy defects. For the other two samples, the
diffusion lengths are larger but are not comparable with the bulk dif-
fusion length (20–50 nm) observed in bulk layer. As seen in Fig. 5, the
difference of S-parameter between defects layer and bulk layer is very
small in the sample of Se-atm. And the sample of S-atm appears to
have repaired a large fraction of the defects in the bulk layer of CIS
film. This indicates that when annealing in the S-atm, the S ion is
able to replace the Se ion and even occupy the Se vacancy in the CIS
surface. In addition, the ionic migration activation energy of the S
ion is far less than the Se ion. Thus, the S ions in the CIS surface diffuse
into the bulk layer of the CIS film. The result is that (See Fig. 5), in the
defect layer, the number of defects in S-atm annealing is lower than
that in the as-grown sample while it is higher than that in the
Se-atm annealing sample; in bulk layer, the defects of S-atm annealed
sample decrease dramatically.
Fig. 6. Positron annihilation characteristic maps, using the low electron momentum
fraction S and the high electron momentum fraction W, with the incident positron en-
ergy as a running variable for these three samples.
Positron annihilation correlation plots of the S-parameter and its
complementaryW-parameter are found to be useful in distinguishing
various positron trapping defects [14]. As seen in Fig. 4, the CIS bulk
layer is observed over positron beam energies of 4–18 keV and
hence, S and W parameters over this energy range have been aver-
aged to obtain the respective S–W values for these samples. Fig. 6
shows the S–W correlation plot for each sample. The area 1 reflects
the surface state (incident positron energy below 4 keV) while the
area 2 indicates the bulk state (incident positron energy between 4
and 18 keV). The S–W coordinate of the as-grown sample signifies a
larger S-parameter with a lower W-parameter compared with the
Se-atm and S-atm samples. It moves towards a lower S-parameter
and a larger W-parameter, indicating that the positron trapping
vacancy defects are reduced. The S versus W plot shows that the
vacancy type is similar to that of the as-grown, Se-atm and S-atm
samples since the data fall on a similar linear variation.

4. Conclusions

We have carried out positron annihilation spectroscopy study on
the defects in CuInSe2 solar cell thin films that were grown by the
electrochemical deposition processing technique under different con-
ditions: as-grown, selenium atmosphere annealed and sulfur atmo-
sphere annealed. The defect sensitive S-parameter indicates a large
concentration of defects in as-grown CIS film. The large number of
open volume sites can be reduced in selenium atmosphere and sulfur
atmosphere annealing of as-grown samples at 800 K. From our anal-
ysis, we have demonstrated that a highly defective surface layer of
thickness approximately 50 nm exists in the CuInSe2 solar cell thin
films studied. The defect layer formation is related to the material fab-
rication by electrochemical deposition and the defect concentration
in the defect layer can be reduced by annealing in selenium atmo-
sphere. The linear behavior of the Doppler broadening spectroscopy
line shape parameter, S–W, correlation plot provides evidence that sim-
ilar positron trapping defect states are present in the three samples.
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