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Abstract. The slow muon technique was used to study the p-n junction of chalcopyrite solar
cells. A defect layer near the interface was identified and the passivation of the defects by
buffer layers was studied. Several cover layers on top of the chalcopyrite Cu(In,Ga)Se2 (CIGS)
semiconductor absorber were investigated in this work, namely CdS, ZnSnO, Al2O3 and SiO2.
Quantitative results were obtained: The defect layer extends about 50 nm into the CIGS
absorber, the relevant disturbance is strain in the lattice, and CdS provides the best passivation,
oxides have a minor effect. In the present contribution, specific aspects of the low-energy muon
technique in connection with this research are discussed.

1. Introduction
Solar cells based on chalcopyrite absorbers are a promising alternative or complement to Si
solar cells [1, 2]. Cu(In,Ga)Se2 (CIGS) is a promising absorber material for thin film solar cells
[3, 4]. It is under intense investigation in academic and industrial laboratories [1, 3]. However,
further improvements in efficiency and fabrication methods are needed for widespread industrial
implementation. In research, a particular focus is on improving the interface at the transition
from the p-type absorber to the n-type window layer. The matching of these two areas is
achieved by introducing buffer layers.
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Low-energy muon spectroscopy is practically the only way to obtain depth-resolved
information about the interfacial region at the nanometer scale [5, 6]. Our main results were
published in Advanced Materials Interfaces [7]. We present here a brief summary of this work
with special focus to the µSR aspects of the data.

2. Experimental details
The samples for this research were obtained from the Ångström laboratory in Uppsala Sweden
([8, 9, 10]). Their standard solar cells reach efficiencies of up to 18.6 %. For the present µSR
experiment, the solar cells were processed only up to the buffer layer so that the slow muons
could reach the interface. Different buffer layers were used, namely CdS, ZnSnO, Al2O3, SiO2.
For Al2O3 two samples were prepared with two different widths (4 and 22 nm). For SiO2, two
samples were investigated, one with a positive, and the other with a negative interface charge,
named as SiO+

2 and SiO−2 , respectively [11]. The muon spin spectroscopy (µSR) measurements
were performed at the low energy muons (LEM) instrument [12] of the Swiss Muon Source, Paul
Scherrer Institut, Switzerland. Positive muons were implanted in the samples at an external
magnetic field, B = 10 mT, in a transverse field (TF) geometry and at a temperature T = 50 K.
Depth profiles are obtained by varying the muon implantation energy in the range 3 − 25 keV.

3. Results
A typical µSR time spectrum of a CIGS thin film with a cover layer is a gaussian-damped
oscillation at the Larmor frequency. Part of the µSR signal is missing, that is the total amplitude
of the signal is smaller than the corresponding amplitude of a silver calibration. We use the
normalized amplitude of this signal, i.e., the diamagnetic fraction, as a marker for depth profiling.
This parameter is sensitive to structural perturbations, as will be discussed in more detail in
the discussion section. The reason for the sensitivity is that structural perturbations reduce the
formation of a bound muon configuration and thus causes a decrease in the fraction. Figure 1
shows the measured depth profile of the diamagnetic fraction for a CIGS sample covered with a
20 nm thick ZnSnO top layer.
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Figure 1. a) Measured diamagnetic fraction for
the ZnSnO(20 nm)/CIGS sample as a function of
the implantation energy. b) Trial function for the
deconvolution procedure. The convolution of this
distribution with the resolution function gives the
solid line in the upper frame.
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Three regions can be distinguished: A high fraction at low implantation energies, then a dip
in the middle region and finally a leveling off of the fraction at higher implantation energies.
We identify the first part of the profile with the fraction in the top layer and the part at the
higher implantation energies with the fraction in bulk CIGS. There is apparently a dip in the
fraction in the intermediate implantation range which corresponds to the interface region of the
layer structure. In principle, one could also use another parameter of the signal for profiling,
e.g. the relaxation [13, 14], but in the present case the diamagnetic component is the most
sensitive parameter to perturbations in CIGS, which is the information of interest for solar cells,
that we want to access. It should also be mentioned that due to the range distribution of the
implanted muons, the signal generally contains two components, one from the top layer and one
from CIGS, and that a two-component fit should be applied. However, since the relaxation,
frequency, and phase are similar for both materials, the components cannot be separated. For
profiling purposes, we assume that the fraction of the one-component fit is equal to the sum of
the two individual fractions.

The measured profile is smeared out due to the finite resolution which is due to the range
distribution of the implanted muons. In the present case, the half-width of the range distribution
is in the order of 20 to 30 nm. To obtain more precise information about the fractions in the
different areas, deconvolution with the resolution function is therefore necessary [13, 15, 7].
This is done in this work by assuming a trial function and fitting it, after convolution with
the resolution function, to the measured profile. For a given muon implantation energy E,
a resolution function, P (x,E), representing the probability that a muon stops at a given film
depth, x, can be obtained from Monte Carlo Simulations using TRIM.SP code [16, 17]. However,
as shown in [7] it is more convenient to perform the deconvolution in the energy space, using an
adequate variable change from x to E′. The conversion between the resolution function P (x,E)
and P (E′, E) is explained in ref [7] and discussed in detail in [18] . Therefore, the measured
diamagnetic fraction f exp.dia (E) is related with the real distribution by

f exp.dia (E) =

∫ ∞
0

P (E′, E) fdia(E
′) dE′ (1)

The trial function is parametrised as shown in Fig. 1b. It contains five adjustable parameters:
the three fractions f1, f2 and f3 of the top, dip and bulk region, respectively, and the two
energies E1 and E2 at the transition from the top layer to CIGS and the transition from the dip
to bulk, respectively. The fit result is shown as solid line in Fig. 1a. The same procedure was
used for the other samples. Three representative examples are shown in Fig.2.

In case of the bare CIGS sample (Fig.2,a)), a large dip is observed, indicating a strong
perturbation of the lattice in the near-surface region of CIGS. This strong disturbance extends
about 50 nm into the sample; the relative change of the fraction is about 11.4 %. For the other
two samples, the dip is smaller, but it is not clear whether the width or the depth of the dip is
reduced since a large correlation exists between these two parameters in the fitting. We therefore
evaluated only the product of these two quantities and call it the dip size.

Figure 3 gives an overview of the passivation effect of the different cover layers. We define
the passivation effect as the ratio between the dip size of the bare CIGS sample and the dip size
of the sample with a top layer. The value 1.00 means that the dip size is not reduced by the
cover layer, i.e. no passivation occurs; the larger this ratio, the larger the passivation effect. It
can be seen that CdS yields the best passivation, the oxide layer have a much weaker effect on
restoring the crystal ordering.
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Figure 2. Depth profiles (diamagnetic fraction versus implantation energy) for the
samples indicated at the top of each frame. The upper part of each frame shows the
measured diamagnetic fraction along with the fitting curve. The lower part displays the
depth distribution after deconvolution. The indicated layer thicknesses are obtained
by converting the implantation energy in average range. The change of the fraction in
the dip relative to the bulk value is indicated: ∆f/f ·100 %. Data from [7].
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Figure 3. Passivation effect of the cover layers which are indicated on top of the
figure (the chemical symbols and the thickness in nm are given). We define the
passivation effect as the ratio between the dip size of the uncovered and the dip size
of the covered CIGS sample. Different colors indicate different measurement runs and
sample batches. Data from [7].
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4. Discussion and Conclusion
Why is the diamagnetic fraction sensitive to disorder in the lattice? We suggest that the
formation of the diamagnetic configuration, which requires rearrangement of the lattice around
the muon, occurs more easily in an ordered lattice than in a distorted lattice. Structural defects
such as vacancies and interstitials lead to a long-range perturbation of the lattice (Fig. 4), which
affects the formation of the diamagnetic fraction. The reaction of the muon with the lattice can
be considered as a jump over a potential barrier [19, 20, 21, 22]. Since the height of this barrier
increases with disorder, the reaction probability decreases and a smaller fraction is obtained.

Figure 4. Defects (vacancy at
left upper corner, interstitial at right
lower corner) induce a long-range dis-
turbance of the lattice which affects
the formation probability of the dia-
magnetic signal.

In the present case, where the diamagnetic fraction is the dominant component, lattice
disturbance reduces the diamagnetic fraction. In other cases, e.g. in Si, the diamagnetic fraction
is small and the major reaction channel is towards interstitial muonium. In this case, an increase
of the barrier for the dominant reaction reduces the interstitial muonium formation and causes
an increase of the diamagnetic fraction.

The main physical result of the present experiment is that a near-interface defect layer has
been identified which extends about 50 nm into the CIGS absorber. Buffer layers on top of
CIGS can heal the defect-induced lattice disturbances: CdS provides the best healing effect,
oxide layers are less effective. It is known in the literature that CdS gives the best efficiency [4].
However, because of the toxicity of Cd, other materials such as oxides are tried. Our experiment
shows that the oxides are less effective in defect passivation than CdS. This is in accordance
with the literature [10, 11]. The exact mechanism of defect passivation by CdS is not known.
We suggest that particle diffusion from the buffer into CIGS plays a role for the healing of the
disturbance.

On the methodological side, a new procedure for deconvolution of the depth profiles has
been developed. The deconvolution of the measured profile in energy space is more direct and
intuitively understandable and, above all, much simpler than deconvolution in real space. In the
energy space, calculation of range distributions for each specific sample is not necessary since
universal range distributions, once provided, can be used for any sample. In summary, using an
adequate methodology, the use of slow muon technique provides a unique quantitative method
to measure the spatial extent of the passivation effect of the different cover layers in chalcopyrite
solar cells.
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