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Abstract

It is known that high-efficiency thin film solar cells based on Cu(In,Ga)Se, (CIGS) can be obtained using CdS buffer layers grown by
chemical bath deposition (CBD). The highest efficiencies achieved with CdS buffer layers produced by physical vapor deposition (PVD) are
significantly lower. To find reasons for this difference, structural and chemical properties of CBD- and PVD-CdS buffer layers and their
interfaces with CIGS were investigated by means of bright-field (BF-TEM), high-resolution (HR-TEM) and energy-filtered transmission
electron microscopy (EF-TEM), and also by energy-dispersive X-ray spectroscopy (EDX) and scanning electron microscopy (SEM). PVD-
CdS grains were shown to be clearly larger than the CBD-CdS grains. Also, a large defect density was detected at the PVD-CdS/CIGS
interface, which is attributed to the larger lattice mismatch than at the CBD-CdS/CIGS interface. Cu diffusion from CIGS into CdS was found
for the CBD- and the PVD-CdS sample. The PVD-CdS/CIGS interface turned out to be quite abrupt, whereas the CBD-CdS/CIGS interface
is rather diffuse. The differences in efficiencies of solar cells with CBD- and PVD-CdS buffer layers can partly be explained by referring to
the higher defect density and the probable absence of an inversion of the near-interface region from p- to n-type at the PVD-CdS/CIGS

interface.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The highest efficiencies for thin film solar cells based on
a Cu(In,Ga)Se, (CIGS) and CulnSe, (CIS) absorber layers
have been achieved using a CdS buffer layer deposited by a
chemical bath deposition (CBD) process. A typical CBD
solution consists of dissolved Cd*" ions, thiourea and
ammonia. Ammonia was shown to remove native oxides
from the CIS surface [1].

The n-type CdS buffer layers on CIGS absorbers are used
in order to form a heterojunction with the p-type CIGS and
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to protect the CIGS surface from ion damage during ZnO/
ZnO:Al sputtering. CBD was reported to modify the surface
of the CIS layer by forming an n-CdSe [1] or an n-Culn,Se,,
[2] intermediate layer, owing to strong reaction of the Cd
with the CIS absorber. Schmid et al. [3] proposed a model
that includes an n-type ordered vacancy chalcopyrite (OVC)
layer between CIGS and CBD-CdS. These authors detected
a buried heterojunction between p-CIGS and n-OVC
directly by means of electron-beam-induced current meas-
urements. In contrast to these results, Kylner et al. [4] found
no evidence of an intermediate compound between CIGS
and CBD-CdS. The role of the CdS buffer in the p—n
junction formation will be treated further below.

Although the CBD process for CdS deposition is very
attractive owing to high solar conversion efficiencies, for
industrial production, an in-line vacuum deposition as, e.g.,
physical vapor deposition (PVD), is preferred. However, the
highest efficiencies achieved by PVD-CdS buffer layers
hardly exceed 13%. Always (e.g., [5]), a clearly poorer
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Fig. 1. J-V characteristics under AM1.5 illumination of solar cells with
CBD-CdS and PVD-CdS buffer layers. Solar cells with CBD-CdS buffer
layer always show higher efficiencies.

photovoltaic performance of solar cells with PVD-CdS
buffer layers than of solar cells with CBD-CdS buffer layer
was found. Recently, Romeo et al. [5] have published results
from electrical investigations on solar cells with in situ and
ex situ deposited PVD-CdS buffer layers and compared
them with those of standard cells with CBD-CdS buffer
layers.

In the present publication, investigations of structural and
chemical properties of CBD- and PVD-CdS buffer layers
and their interfaces with CIGS are presented. These results
help to understand the reasons for the difference in the
photovoltaic performance of solar cells produced by these
two methods.

2. Experimental

Mo layers were sputtered on soda-lime glass (SLG)
substrates, and CIGS layers were deposited by co-evapo-
ration either at ETH Zurich, Switzerland or at the Center for
Solar Energy and Hydrogen Research (ZSW), Stuttgart,
Germany. CBD-CdS buffer layers were deposited by
immersing the SLG/Mo/CIGS substrates in an aqueous bath
containing cadmium acetate, ammonia and thiourea for 15
min at 70 °C. The deposition of PVD-CdS buffer layers was
performed in a high-vacuum thermal evaporation system at
10~® mbar and at a substrate temperature of 50 °C for 30
min. The solar cells were completed by the deposition of a
rf-magnetron sputtered ZnO/Zn0O:Al transparent bilayer.

Plan-view scanning electron microscopy (SEM) was
performed on a Zeiss Gemini 1530 equipped with a field
emission gun. Cross-section samples for transmission
electron microscopy (TEM) were prepared by polishing,
dimple grinding and finally ion milling using a GATAN
precision ion polishing system. These samples were inves-
tigated by means of bright-field (BF-TEM), high-resolution
(HR-TEM) and energy-filtered transmission electron micro-

scopy (EF-TEM), and also by means of electron diffraction
(ED) and energy-dispersive X-ray spectroscopy (EDX)
using a FEI TECNALI F30 transmission electron microscope
operated at 300 keV. EDX elemental mappings were
measured on an area of 300x300 nm with a point-to-point
distance of 6 nm using the scanning mode of the micro-
scope. From these mappings, linear profiles were extracted.
The linear profiles shown below were obtained by summing
up several linear profiles from the elemental mappings,
ensuring high accuracy of the measurement.

3. Results and discussion

In general, solar cells with CBD-CdS buffer layer yield
efficiencies that are about 3—4% higher than those of solar
cells with PVD-CdS buffer layer [5]. In Fig. 1, character-
istics of two CIGS solar cells are displayed, both produced
in the same run, yet one consisting of a CBD- and the other
of a PVD-CdS buffer layer. The electrical properties,
especially the open circuit voltage V., differ significantly,
probably owing to different interface and recombination
properties.

In the plan-view SEM images in Fig. 2, small CdS grains
are visible on top of large CIGS grains. PVD-CdS grains (b)
are much larger than those of CBD-CdS (a). The size of the

Fig. 2. (a) Plan-view scanning electron micrographs of CdS grains on large
CIGS grains. PVD-CdS layers (b) showing significantly larger grain sizes
than CBD-CdS (a).
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PVD-CdS grains is approximately 70-80 nm, whereas the
size of the CBD-CdS grains is too small to be determined
from the SEM images.

In the BF-TEM images (Fig. 3), cross-sections of the
interfaces between CIGS, CdS and ZnO are shown. Owing
to different orientations with respect to the electron beam,
specific grains of the same material may appear darker or
brighter, as for, e.g., the CdS grains in Fig. 3a and b. By
TEM as by means of SEM, the PVD-CdS grains (Fig. 3b)
were found to be much larger than those of CBD-CdS
(Fig. 3a): the PVD-CdS grain sizes from TEM agree well
with the values obtained by means of SEM (about 70 nm).
For the CBD-CdS layer, grain sizes of about 10—-15 nm were
determined. The CBD-CdS layer thickness was about 50
nm, whereas the PVD-CdS layer thickness was ca. 70 nm.

Fig. 4 shows the Cd signal from the CIGS/PVD-CdS/
ZnO interface, obtained by means of EF-TEM. In contrast to
prevailing views, the PVD-CdS layer shows a continuous
coverage of the CIGS surface over a range of several
micrometers, similar to the CBD-CdS coverage.

In Fig. 5, ED patterns for both the CIGS/CBD-CdS/ZnO
interface (a) and the CIGS/PVD-CdS/CIGS interface (b) are
shown. For the CBD-CdS layer (a), a hexagonal crystal

CIGS

100 nm

Fig. 3. Bright-field transmission electron micrograph of the CIGS/CBD-
CdS/ZnO (a) and CIGS/PVD-CdS/ZnO (b) interfaces. Grain sizes are
clearly larger for PVD-CdS than for CBD-CdS layers.

Fig. 4. Cd signal of the CIGS/PVD-CdS/ZnO interface region, obtained by
means of energy-filtered transmission electron microscopy. The PVD-CdS
layer shows a uniform conformal coverage of the CIGS surface.

structure was found. In general, CBD-CdS layers on CIGS,
CulnSe, (CIS) or CuGaSe, (CGS) were reported to
crystallize in both hexagonal (wurtzite, a=0.414 nm,
¢=0.671 nm [6]) and cubic (zincblende, ¢=0.582 nm [7])
crystal structures [2,8—12]. Furlong et al. [10] showed that
the crystal structure of the CBD-CdS layer depends on the
CIS substrate orientation. Nadenau et al. [11] found that the
hexagonal and cubic crystal structure of CBD-CdS depends
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Fig. 5. Electron diffraction pattern for the CIGS/CBD-CdS/ZnO (a) and the
CIGS/PVD-CdS/ZnO (b) interface. The growth of CBD-CdS on CIGS (a)
is nearly coherent, whereas the growth of PVD-CdS on CIGS (b) is clearly
incoherent.
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on the substrate temperature during CBD. Thus, different
CIGS deposition parameters and CBD-CdS recipes may
lead to different CdS growth and crystal structure, and
caution is advised not to generalize the detected crystal
structure. Although wurtzite is the most stable crystal
structure of CdS, the energy difference between wurtzite
and zincblende is rather small [13], thus the transition may
occur with high probability. Also, one has to take into
account that the ED patterns of, e.g., [111].y, and [0001 Jy,cx
CdS zone axes are difficult to distinguish, i.e. they might be
misinterpreted.

A good lattice match of the CBD-CdS on the tetragonal
CIGS layer is visible in Fig. 5a, since the reflections from
CIGS-{112) and CdS-{0110) planes coincide, as well as the
reflections from CIGS-{132) and CdS-{1010) planes.

For the PVD-CdS layer (Fig. 5b), a hexagonal crystal
structure was also found. However, the lattice mismatch
between PVD-CdS and CIGS is quite large; only CIGS-
{112) and CdS-{0001) reflections coincide in the diffraction
pattern. The difference in lattice (mis)match between CBD-
and PVD-CdS may be due to the fact that the CBD-CdS
layer is a mixture of CdS, Cd—OH, and Cd-O [4], which
offers a range of lattice constants that apparently leads to a
better lattice match to CIGS than the lattice constants of
PVD-CdS.

In both ED patterns (Fig. 5), reflections from the
hexagonal ZnO layer are also visible. For sample a, the
ZnO grains show arbitrary orientations (diffraction rings),
which can be expected from the small CBD-CdS grain size.
For sample b, a preferential growth orientation in [1120]
direction of the hexagonal ZnO on the PVD-CdS layer was
found.

In Fig. 6a, a HR-TEM image of the CIGS/CBD-CdS
interface corresponding to the ED pattern in Fig. 5a is
shown. The marked lattice spacings in the CBD-CdS layer
(ca. 0.37 nm) and in the CIGS layer (ca. 0.36 nm) agree well
with the calculated values of hexagonal CdS-{1010) planes,
0.359 nm, and of CIGS-{112) planes, 0.366 nm (calculated
from ¢=0.578 nm and ¢=1.16 nm [14]). As expected from
the ED patterns, the micrograph shows good lattice match of
CBD-CdS on CIGS.

The HR-TEM image of the CIGS/PVD-CdS interface in
Fig. 6b reveals planar strains in the PVD-CdS, visible by a
high density of defects, which arises from the compensation
of the lattice mismatch. Defects generally contribute to
recombination in the space charge region, which may lead to
lower efficiencies.

Chemical properties of the CIGS/CBD-CdS (a) and
CIGS/PVD-CdS (b) interfaces are shown by the linear
composition profiles in Fig. 7. For reasons of clarity, the In
and Ga signals were omitted, since they do not show any
significant difference to the Se signal. Although the differ-
ence between the Cu and the Se signals, and also between
the Cd and the S signals, is very small in Fig. 7a, the
significance of these results can be assured by comparison
of several linear profiles extracted from elemental map-

Fig. 6. High-resolution transmission electron micrograph of the CIGS/
CBD-CdS (a) and of the CIGS/PVD-CdS (b) interface. In (a), the interface
(see arrows) runs from the right-bottom corner (CIGS) to the left-top corner
(CdS). In (b), the approximate position of the interface is given by the
dashed line.

pings. In both diagrams (a and b), there is quite a clear
cross-over of the Cu and Se signals with the Cd and S
signals, and that is where the interface between CIGS and
CdS was estimated (dashed lines).

For both CIGS/CdS interfaces, Cu diffusion from the
CIGS into the CdS layer is visible, since the Cu signal (W)
decreases more slowly on the CdS side of the interface than
the signal of Se. As mentioned by Bube [15], Cu doping of
CdS increases its photoconductivity.

Only for the CBD-CdS sample (a), also a probable
depletion of Cu and enrichment of Cd on the CIGS side of
the interface is visible: the Cu signal is significantly lower
than the Se signal, and the Cd signal (A ) decreases more
slowly on the CIGS side of the interface than the S signal.
Considering the probable Cu depletion in the case of the
CBD-CdS/CIGS interface, one has to take into account that
not all of the depleted Cu may diffuse from the CIGS into
the CdS layer. Part of it will be dissolved in the CBD bath.
Also, since CBD-CdS is not a stable compound, i.e. it
consists of e.g. Cd—OH and Cd-O phases where Cd is not
strongly bonded, Cd doping of the CIGS near-interface
region is more likely in the case of CBD-CdS.

Compared with the CIGS/PVD-CdS interface (Fig. 7b),
the CIGS/CBD-CdS (Fig. 7a) interface is not abrupt: it
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Fig. 7. Linear profiles over the CIGS/CdS interface extracted from elemental mappings, obtained by energy-dispersive X-ray spectrometry. For the CBD-CdS
sample (a), there is Cu depletion and an increase of the Cd signal visible on the CIGS side of the interface, whereas no such behavior could be found for the
PVD-CdS sample (b). The interface between CIGS and CdS is shown by the dashed line, whereas the dotted lines estimate the transition interfacial region. The
Cu—K signals were normalized to the Se-K level on the CIGS side in order to provide an easier comparison.

shows quite a large transition interfacial region (dotted
lines). It appears that Cu from the CIGS is incorporated into
the CBD-CdS layer, depleting at the CIGS side of the
interface, and that Cd diffuses from the CBD-CdS into the
CIGS layer, occupying Cu vacancies in the near-interface
region. Ramanathan et al. [16] discussed the influence of Cd
on CIGS during the CBD process: owing to the similar ion
radii of Cd** (0.97 A) and Cu" (0.96 A), Cd ions may act as
substitutional donors on Cu sites. By means of X-ray photo
electron spectroscopy, these authors determined a Cd

concentration of 20 at.% in the near-interface region on
the CIGS side. Thus, this region may be inverted from p- to
n-type, and a homojunction is formed. Nakada et al. [12]
confirmed these results by means of EDX line scans, and
Jiang et al. [17] identified this buried homojunction directly
by means of scanning Kelvin probe microscopy. In addition,
Wada et al. [18] showed that the treatment of the CIGS
surface with a Cd*" aqueous solution prior to PVD-CdS
deposition improves the photovoltaic performance of the
appropriate solar cells significantly.
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The absence of Cd excess and Cu depletion on the CIGS
side of the PVD-CdS/CIGS interface (Fig. 7b) and thus the
probable absence of a homojunction may also lead to lower
efficiencies in solar cells with PVD-CdS buffer layer.

4. Conclusion

Structural and chemical properties of CBD- and PVD-
CdS/CIGS layers and interfaces were compared. PVD-CdS
layers show much larger grain sizes than CBD-CdS layers,
and also a higher defect density at the CIGS/PVD-CdS
interface, owing to a larger lattice mismatch. These defects
may affect on the photovoltaic performance. For the case of
PVD-CdS, the interface to the CIGS is quite abrupt, whereas
on the CIGS side of the CBD-CdS/CIGS interface Cu
depletion and Cd enrichment may have occurred. Cu in CdS
increases its photoconductivity, and Cd can occupy Cu
vacancies. The results of the Cu and In interdiffusion
provide an indication of an inversion of the near-interface
region from p-type CIGS to n-type. The probable absence of
this inversion in solar cells with PVD-CdS buffer layers is a
possible reason for their lower efficiencies compared with
solar cells with CBD-CdS buffer layer.
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