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Division 

SE Solar Energy Research  

 
The solar energy division of the HMI concentrates 
its research activities on the exploration of the po-
tential of highly productive thin-film technologies for 
solar cells of „tomorrow“ and „beyond“. The main 
objective is to realize systems which lead to sub-
stantial cost reduction at high conversion efficiency. 
This requires research for improvements of materi-
als and systems which are already at the edge of 
being industrialized but also research for new mate-
rials and innovative solar cell structures. Therefore, 
the activities reach from basic material research to 
the development of technologies for solar cells and 
minimodules on the laboratory scale. 
 
The work is supported by the broad range of ana-
lytical methods available in both sections of the 
HMI, particularly in the field of surface and interface 
physics, defect spectroscopy, ion-beam techniques 

and structural characterization, solid states physics, 
as well as conventional material and device analy-
sis. 
 
The groups collaborate in numerous projects and 
networks with national and international partners. 
The division Solar Energy Research comprises 5 
scientific departments: 
 
SE1  Silicon Photovoltaics 
SE2  Heterogeneous Material Systems 
SE3  Technology 
SE4  Dynamics and Interfacial Reactions 
SE5  Solar Energetics 

and the group 

SE6 Electronic Structure of Semiconductor 
Interfaces
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Aluminium-induced layer exchange – Influence of the oxide layer

A future generation of silicon thin-film solar cells 
could well be based on polycrystalline silicon (poly-
Si) on foreign substrates with grain sizes larger than 
the thickness of the active Si layers. A promising  
approach for such a development is the formation of 
a thin large-grained poly-Si seed layer on a glass 
substrate and a subsequent homoepitaxial thicken-
ing of this seed layer by a low-temperature deposi-
tion process (T ≤ 600°C). A very attractive process 
for seed layer formation is the aluminium-induced 
layer exchange (ALILE) which makes use of alumin-
ium-induced crystallisation of amorphous silicon (a-
Si). In this process an initial film sequence 
glass/Al/a-Si is transformed into a glass/poly-
Si/Al+Si film stack. The transformation takes place 
during an annealing step at temperatures well below 
the eutectic temperature of the Al/Si system (Teu = 
577°C). The process starts with the local formation 
of Si nuclei within the Al layer. These Si nuclei grow 
in lateral direction until adjacent Si grains touch 
each other and finally form a continuous poly-Si film 
on the glass substrate [1,2]. 

So far the mechanism of crystallisation in the ALILE 
process is only poorly understood. It has been 
speculated that a thin oxide layer is essential for the 
process between the initial Al and the initial a-Si 
layer which may be formed by oxidation of the initial 
Al layer during the vacuum break prior to the a-Si 
layer deposition. We have addressed this question 
using energy-filtered TEM and electron energy loss 
spectroscopy to analyse the distribution of Al, O and 
Si at the Al/a-Si  interface. These studies proved 
convincingly that an Al-oxide layer had formed dur-
ing the vacuum break. For a more quantitative un-
derstanding we studied the growth of the poly-Si 
films for samples where an oxide layer had been 
grown deliberately by exposing the Al film for differ-
ent oxidation times tOX to an atmosphere with a 
partial pressure of oxygen of 6.5·10-3 mbar. The 
poly-Si film growth can be observed during the an-
nealing process by placing the sample in a heat 
stage of an optical microscope and observing the 
reflection from the initial glass/Al interface through 
the glass substrate. 

Fig. 1 shows the crystallised fraction (ratio of poly-Si 
area to total area) as a function of the annealing 
time at a temperature of 420 oC for different oxida-
tion times. The thinner the oxide layer, the faster is 
the layer exchange. However, this enhancement of 
crystallisation for thin oxide layers is connected with 
a strong increase of the number of Si grains (Fig. 2, 
blue curve) which results in a reduction of the aver-
age grain size. The average area of a single grain 
equals the total area under investigation divided by 
the number of grains. Assuming a square shape for 
the grains, we calculated the edge length of the 
squares and defined this as the estimated grain 
size. With increasing thickness of the oxide the 
number of nuclei decreases and the average grain 
size increases correspondingly (Fig.2).  

 

Fig. 1: Crystallised fraction versus annealing time 
for different oxidation times tox. 
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Fig. 2: Number of grains (blue curve) within the area 
under investigation (A = 100µm x 100µm) and the 
resulting estimated grain size (red curve) versus 
oxidation time. 

 
These results underline the important role of the 
oxide layer for nucleation and growth of the poly-Si 
film. The working hypothesis is that the oxide layer 
acts as a barrier for the diffusion of Si (Al) into the 
initial Al layer (a-Si layer). The thicker the oxide 
layer, the lower is the number of grains and the  
longer is the process time to complete the layer 
exchange process. In this view nucleation is related 
inhomogeneities or defects in the thin oxide layer. 
This experience opens new process paths for ac-
tively controlling the nucleation rate. 
 
[1] S. Gall, J. Schneider, M. Muske, I. Sieber, O. 
Nast, W. Fuhs, Proceedings of PV in Europe (2002), 
in press. 
[2] I. Sieber, R. Schneider, I. Doerfel, P. Schubert-
Bischoff, S. Gall, W. Fuhs, Thin Solid Films (2003), 
in press 
 

S. Gall, J. Schneider, M. Muske, I. Sieber, W. Fuhs 



Silicon Heterostructures  Silicon Photovoltaics, SE1 

HMI Annual Report 2002  67 

Amorphous/crystalline-silicon heterojunction solar cells 

Heterojunctions between hydrogenated amorphous 
silicon, a-Si:H, and crystalline silicon, c-Si, can be 
made at low process temperatures of typically 150-
200 oC and therefore offer a low-temperature and 
low-cost alternative to the traditional silicon wafer 
technology. The so far best results have been ob-
tained by Sanyo Corporation. Using textured n-type 
silicon wafers Sanyo reached an efficiency of 20.7 
% for a laboratory cell where for both the emitter 
and the back contact a-Si:H technology was em-
ployed. The focus of our work is to develop this low-
temperature technology for application in case of 
temperature sensitive silicon absorbers such as 
poly-Si films but also multicrystalline or band-grown 
Si-material. Since these absorbers are in general p-
type we so far have worked with heterojunctions on 
p-type Si wafers only. The best result which we 
obtained in close collaboration with the FU Hagen in 
the frame of a networking project (BMBF) is illus-
trated in Fig.1.  

Fig.1 I-U characteristicsof an a-Si:H(n)/ c-Si(p) solar
cell ( certified by ISE-Freiburg). Inset shows a
schematicsketchof the structure.

80 nm TCO
5 nm Si:H

350 µm c-Si(p)

 
The structure is TCO/a-Si:H(n+)/c-Si(p) with back 
surface field (BSF). The transparent conducting 
oxide, TCO, was indium tin oxide (ITO) but similar 
results have also been obtained using ZnO:Al as 
window material. This solar cell with an area of 1 
cm2 has a certified  efficiency of 16.23 %. This is to 
our knowledge the best result so far published for 
this inverse structure on a p-type flat Si wafer. 

The most critical part in this cell structure is the 
preparation and optimization of the a-Si:H emitter. In 
order to develop a deeper understanding of the 
physics of this device we carefully analysed bulk 
and interface properties of such amorphous layers 
and studyied the cell parameters as a function of the 
thickness d. The result is that the optimum emitter 
thickness is close to d = 5 nm. At higher values of d 
the optical absorption in the emitter becomes a 
limiting factor and at lower values there is a detri-
mental  influence of the TCO work function and of 
emitter shorts on the a-Si:H/c-Si heterojunction. It 
turned out that the properties of the above solar 
cells were not limited by the quality of the hetero-
interface. This results from the fact that the active 
heterointerface is perfectly passivated by an opti-
mized  wafer precleaning and an a-Si:H(n) layer 

deposition process. For this purpose special analyti-
cal tools including such for getting information on an 
atomic depth scale were developed.  

The amorphous films were deposited by plasma 
enhanced chemical vapor deposition (PECVD) from 
gas mixtures of silane SiH4 and phosphine PH3 at a 
substrate temperature of 170 oC. UV-excited con-
stant final state yield spectroscopy (CFSYS) is used 
to study the density of states distribution in such 
films. Comparison with results from photoyield 
measurements proved that this method has advan-
tages as compared with UPS and gives the most 
reliable results.  

 

Fig.2 Density of state distribution resulting from
CFSYS measurements of a doped (10000 ppm
PH3 /SiH4) and a  non doped ultrathin a-Si:H(n)
films on crystalline silicon. Deposition
temperature was 170 C.
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Fig. 2 compares the gap state distributions and 
Fermi level positions of undoped and phosphorus 
doped films. Doping clearly leads to a shift of the 
Fermi level towards the conduction band from EC – 
E = 0.5 eV to 0.25 eV. This is connected with a 
pronounced increase of the concentration of deep 
gap states and a flattening out of the band tail at the 
valence band. Qualitatively these observations are 
similar as in case of thick amorphous films. How-
ever, there are pronounced quantitative differences 
in particular in case of undoped a-Si:H which for 
thick films would have much lower N(E) values.  

Fig. 3 shows that the doping effect saturates at a 
gas phase doping level of about 104 ppm. For the 
performance of the solar cell the Fermi level position 
in the thin film is a crucial parameter. The Fermi 
level position determines the minimal emitter layer 
thickness which allows to screen the field penetra-
tion from the TCO-a-Si:H(n) contact and thus the 
reachable band bending in the absorber. The Fermi 
level position here amounts to about EC-EF = 0.25 
eV. Of course this value strongly depends on the 
deposition and posttreatment conditions. This is the 
first investigation of the behavior of ultra thin a-Si:H 
emitter films on c-Si substrates by CFSYS. 
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Fig. 3 Position of the Fermi level in a-Si:H films with
different doping levels before and after H-
desorption.  

The dependence of the cell parameters on the 
thickness d of the emitter layer is presented in  
Fig. 4. These results reflect the opposing influence 
of two effects which leads to optimum performance 
at a value of around 5 nm. The short circuit current 
jSC decreases continuously with increasing d due to 
the increase of optical absorption in the a-Si:H(n+) 
layer and their extreme low contribution to the 
photocurrent if the a-Si:H emitter layer becomes 
thicker (dead layer). The second opposing influence 
consists in the decrease of the open circuit voltage 
VOC. Two explanations may be given to this behav-
ior. The break down of VOC  may be the result of 
imperfections (shunts) in the ultra-thin a-Si:H film. 
However, measurements of surface photovoltage 
(SPV) suggest as an alternative explanation that the 
band bending in the Si-wafer is reduced at very low 
thicknesses. The TCO-layer may form a Schottky 
contact with the a-Si:H(n+) the field of which pene-
trates into the c-Si space charge region thus reduc-
ing VOC. Such results suggest that the TCO is not 
just acting as a window material but also influences 
the electronic structure of the heterojunction. There-
fore the complete contact system TCO/a-Si:H/c-Si 
has to be analysed and considered in a process of 
optimisation. 
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Fig. 4. Experimental determined parameters
Jsc and Voc of the TCO/a-Si:H(n) /c-Si(p)
solar cell in dependence on the a-Si:H(n)
emitter thickness.
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Fig. 5.Internal Quantum efficiency of a-Si:H(n)/c-
Si(p) solar cell with 5 nm and 30 nm emitter,
respectively.  

 
Fig. 5 shows that in fact the internal quantum effi-
ciency in the short wavelength region is strongly 
enhanced when the thickness descreases from  
30 nm to 5 nm. The blue response in the case of a  
5 nm thick emitter layer is limited by the TCO ab-
sorption edge. 

Thes results make evident that the whole TCO/a-
Si:H/c-Si system has to be analyzed and considered 
for an optimization of the solar cell device. 

A detailed analysis of the temperature dependence 
of VOC and the dark saturation current of the hetero 
solarcell presented in Fig. 1 and Fig. 5  shows that 
the cell efficiency is not limited by the a-Si:H(n)/c-
Si(p) interface, but by the quality of the absorber 
and the rear contact. Therefore further improve-
ments are possible by an optimisation of the back 
contact and the absorber. In addition the use of light 
trapping structures will increase JSC and will not 
reduce VOC as long as the interface of the hetero-
junction is well passivated.  
Results are published in Ref.1-4 
 
[1] M.L.D. Scherff, A. Froitzheim, A. Uljaschin, M. 

Schmidt, W.R. Fahrner, W. Fuhs, Proceedings 
of PV in Europe (Rome, Oct. 2002), in press 

[2] M. Schmidt, A. Froitzheim, R. Stangl, L. Elstner, 
K. Kliefoth, W. Fuhs, Proc. of 17th Europ. 
Photovoltaic Solar Energy Conf. (2001), 1383 

[3] M.Schmidt, O. Milch, Th.Lußky, A.Schöpke, Mat. 
Res. Soc. Symp. Proc. (San Francisco, 2003), 
accepted. 

[4] A.Froitzheim, R.Stangl, L.Elstner, W.Fuhs, 29th 
IEEE Photovoltaic Solar Energy Conf. (New Or-
leans, Mai 2002). 

A. Froitzheim, R. Stangl, H. Angermann, L. Elstner, 
W. Fuhs, K. Kliefoth, A. Laades, A. Schöpke, M. 
Schmidt  
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Laser crystallisation of amorphous silicon: texture-formation on 
metals 

Excimer laser crystallization of hydrogenated amor-
phous silicon (a-Si:H) is a well-established method 
to produce polycrystalline silicon (poly-Si) with a 
grain size of up to 5µm.  The goal is to use laser-
crystallized poly-Si as a seed layer for an epitacti-
cally grown absorber. Due to the short absorption 
depth of poly-Si, a back contact and a reflector are 
necessary for solar cell applications. In addition to 
the electrical back-contact, a thin metal layer on the 
glass substrate can be utilized as the reflector. For 
this purpose, we developed for the first time a reli-
able process for laser-crystallization of a-Si:H on 
molybdenum (Mo) coated glass. 

Undoped a-Si:H films were deposited at 230 °C by 
plasma-enhanced chemical vapor deposition 
(PECVD) on Mo coated glass substrates to a thick-
ness of ≈ 80 nm. The thickness of the Mo layer 
varied between 100 and 200 nm. The a-Si:H films 
were crystallized using a XeCl excimer laser (wave-
length 308 nm, pulse duration ≈ 20 ns). To prevent 
explosive out-diffusion of hydrogen the specimens 
were crystallized using a step-by-step crystallization 
procedure. In Fig. 1 the average grain size, <x>, of 
the laser-crystallized poly-Si determined from SEM 
images is plotted as a function of the final laser 
fluence, EL, for a Mo layer thickness of 100 and 200 
nm. The samples containing a 100 nm thick Mo 
layer show the same crystallization regimes that are 
well known from the crystallization of poly-Si on 
glass and quartz substrates. At small laser fluences 
(EL ≤ 450 mJ/cm2) the a-Si:H layer is partially mol-
ten which results in the formation of small grained 
poly-Si (<x> ≈ 100 nm). At EL ≥ 530 mJ/cm2 the a-
Si:H film is completely molten which also results in 
the formation of small grained poly-Si since epitaxial 
re-growth from the substrate cannot occur. In be-
tween these two melting regimes a laser-fluence 
window exists where <x> increases to about 450  

Fig. 1: Average grain size, <x>, of poly-Si as a 
function of the laser fluence, EL, for Mo layers with 
a thickness of 100 nm (circles), 200 nm (squares) 
and without a Mo layer (open diamonds). The 
thickness of the a-Si:H layer is 80 nm. The lines are 
guides to the eye. 
 

nm. This regime is called the super lateral growth 
(SLG). The dependence of the average grain size 
on EL is similar to samples that do not contain a 
metal layer between substrate and poly-Si (open 
diamonds in Fig.1). However, the presence of the 
thin metal layer causes a significant reduction of 
<x> by about a factor of 4 compared to the crystal-
lization of an a-Si:H layer with identical thickness 
on quartz. Additionally, ESLG depends critically on 
the Mo layer thickness. A 200 nm thick Mo layer 
results in an increase of ESLG to about 770 mJ/cm2. 
The shift of ESLG to 770 mJ/cm2 is accompanied by 
a pronounced increase of the maximum average 
grain size to 900 nm. This might be due to a 
change of the heat diffusion through the metal-
substrate structure [1]. 
 

 
 

Fig.2: Orientation mapping from electron backscat-
tering diffraction measurements. Red, green, and 
blue represent (100), (110), and (111) oriented 
grains.  

 
The results shown above reveal that the crystalliza-
tion process is not influenced by a thin Mo layer. 
This is further corroborated by the fact that on Mo 
coated glass a preferential {111} orientation in the 
direction of the surface normal is observed for 
specimens crystallized in the SLG regime. Re-
cently, the same observation was reported for poly-
Si on quartz. Fig. 2 shows results of grain orienta-
tion measurements from electron backscattering 
diffraction. The specimens exhibit a pronounced 
preferential {111} orientation of the silicon grains. 
Other metals investigated such as Al resulted in 
significant damage of the silicon layer during laser 
crystallization [2]. 

K. Brendel, N. H. Nickel, P. Lengsfeld, W. Fuhs 
 
[1] K. Brendel, P. Lengsfeld, I. Sieber, A. Schöpke, 

M. Nerding, H. P. Strunk, N. H. Nickel, and W. 
Fuhs, J. Appl. Phys. 91, 2969 (2002). 

[2] K. Brendel, P. Lengsfeld, I. Sieber, A. Schöpke, 
M. Nerding, H. P. Strunk, N. H. Nickel, and W. 
Fuhs, Thin solid films, at press (2003) 
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Recombination in Cu(In, Ga)S2 thin-film solar cells 

As we have shown in our previous work, recom-
bination via interface states at the CuInS2/CdS inter-
face dominates the transport of charge carriers in 
CuInS2 solar cells. This explains the open circuit 
voltages of about 750 mV which is a moderate value 
in view of the absorber band gap Eg of 1.5 eV. In 
this study we investigate the influence of the incor-
poration of Ga into the chalcopyrite absorber on the 
dominating transport mechanism. Recom-bination 
losses are analyzed by measuring j(V) curves as a 
function of temperature and illumination.  

The activation energy of the dominating recombina-
tion is determined from the slope of an Arrhenius 
plot of the saturation current density which is cor-
rected for the temperature dependence of the diode 
quality factor. As shown in Fig. 1, the CuInS2 cells 
show activation energies below the absorber band 
gap, due to the dominating recombination at the 
interface over a barrier which is reduced by the 
unfavourable band line-up or Fermi-level pinning at 
the CuInS2/CdS interface. In contrast, the investi-
gated Cu(In,Ga)S2 cell shows an activation energy 
equivalent to the absorber band gap, indicating that 
recombination in the space charge region domi-
nates the current transport.  
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Fig. 1: Corrected saturation currents for Cu(In,Ga)S2 
cells depending on absorber composition 

Proportional to the increase of the activation energy 
one could theoretically expect an increase of the 
open circuit voltage. But so far, the highest ob-
served open circuit voltages correspond only to an 
increase of about 40 mV beyond the increase in the 
band gap. We can explain this behavior by the 
stronger influence of tunneling assistance to the 
recombination which we observe for the cells with 
higher activation energies. Therefore the increase in 
activation energy due to shifting the dominating 
recombination from the interface into the absorber 
cannot yet be fully converted into an increase of the 
open circuit voltage. To this aim the tunneling has to 
be reduced by proper device design. 

To explain the described changes in the recombina-
tion mechanism we presume that positive interface 
charge determines the band bending towards the 
absorber/buffer interface as well as towards ab-
sorber grain boundaries. In this we follow the as-

sumption that intergrain interfaces in the polycrystal-
line absorber layer have interface states of the 
same type as the CuInS2/CdS interface states, as it 
was postulated to explain the oxygenation and air 
annealing effects on the electronic properties of 
Cu(In,Ga)Se2 devices [1]. 

In case of dominating interface recombination the 
activation energy of the saturation current is a 
measure of the band bending towards the interface. 
The band bending towards the grain boundaries can 
be deduced from the temperature dependence of 
the series resistance. The temperature dependence 
of the series resistance of cells with a typical non-
oriented grains structure is shown in Fig. 2. The 
series resistance increases with decreasing tem-
perature with an activation energy which we can 
ascribe to the height of the potential barriers at the 
grain boundaries in the absorber. For comparison, 
the temperature dependence of the series resis-
tance is shown for a cell with a columnar grain 
structure. Due to the lack of grain boundaries in the 
transport direction of the diode current, these par-
ticular cells don't show increasing but decreasing 
series resistance with decreasing temperature.  
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Fig. 2: Temperature dependence of the series resis-
tance for Cu(In,Ga)S2 cells depending on absorber 
grain structure 

Analysis of a large number of cells reveals that the 
activation energy of the series resistance as well as 
the activation energy of the saturation current are 
varying with absorber composition and illumination. 
There are, however, strongly correlated. While there 
are a number of mechanisms which could in princi-
ple shift the dominant recombination away from the 
heterointerface, this correlation confirms the original 
assumption. Hence, it has to be concluded that the 
incorporation of Ga increases interface charges, 
thereby increasing the band bending to a value that 
prevents excessive recombination at the absorber 
heterointerface. 

Reference 
[1] U. Rau, J. Appl. Phys. 86 (1999) 497 

J. Reiß, S. Bakehe, R. Klenk, M.C. Lux-Steiner 
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Chalcopyrite Thin Film Tandem Cell with VOC = 1.2V 

A stacked tandem cell based on a Cu(In,Ga)Se2 
bottom and a CuGaSe2 top cell is prepared. The 
efficiency of the complete cell is 7.4% with an open 
circuit voltage of 1.18V.  
 
One main objective to investigate and develop wide 
gap chalcopyrite solar cells is the ultimate goal of a 
thin film tandem solar cell, using the well developed 
Cu(In,Ga)Se2 absorber for the bottom cell, utilizing 
the "red" part of the solar spectrum, and a wide gap 
chalcopyrite, e.g. CuGaSe2 for the top cell, to har-
vest the "blue" light. Taking the solar spectrum into 
account one can estimate a factor of 1.5 improve-
ment for the efficiency compared to a pure 
Cu(In,Ga)Se2 cell. Therefore a cell with 30% effi-
ciency seems feasible, combining high efficiency 
with the economic advantages of thin film solar 
cells. Before a commercial tandem cell will be within 
reach a number of problems are still to be solved. 
The ultimate goal is a monolithic tandem cell with 
the top cell prepared directly on top of the bottom 
cell, but as an intermediate step we develop stacked 
tandem cells with separate Cu(In,Ga)Se2 and 
CuGaSe2 cells on their individual substrate glasses. 
The four terminal device is wired in series (as would 
be a monolithic tandem cell).  
 
The bottom cell is a standard Cu(In,Ga)Se2 cell with 
an absorber from the Shell Solar pilot line, and the 
CdS-buffer, ZnO window and NiAl grid prepared by 
the HMI base line. The top cell is a transparent 
CuGaSe2 cell based on ITO as a transparent back 
contact with a CuGaSe2 absorber layer prepared in 
our standard two stage process, CdS buffer, ZnO 
window and NiAl grid. A thin Au-wire is soldered to 
the front grid of the Cu(In,Ga)Se2 solar cell and to 
the ITO back contact of the CuGaSe2 top cell to 
connect the two cells in series. IV curves are meas-
ured in our solar simulator. Optical transmission is 
measured in a UV-VIS spectrometer. 
 
I - V curves in the dark and under illumination of the  
CuGaSe2 cell show no indication of a counter diode 
at the back contact. This counter diode would be 
expected taking the band alignment and the doping 
of the CuGaSe2 and the ITO into account. Currently 
we have no understanding why this contact behaves 
ohmic. But this phenomenon has been observed by 
others too, therefore the ITO back contact appears 
as a feasible way to prepare transparent top cell. 
Fig. 1 shows the IV curves under illumination of the 
individual cells and the tandem cell. The 
Cu(In,Ga)Se2 cell is measured as illuminated 
through the transparent CuGaSe2 cell. As becomes 
clear the current is limited by the current through the 
bottom cell which naturally shows a reduced current 
compared to illumination by the full solar spectrum. 
Still, this current is much less than one would expect 

from the solar spectrum transmitted through 
CuGaSe2 with a band gap of 1.7 eV.  
 
Therefore transmittance measurements have been 
performed on untreated ITO films, CuGaSe2 on 
glass and on the CuGaSe2 on ITO solar cell. The 
results show clearly that the ITO lost transparency 
due to the CuGaSe2 deposition process. It is likely 
that a reaction with Se at the high deposition tem-
peratures leads to the reduced transparency of the 
ITO. Future work will focus on the reason for the 
transparency loss and on ways to keep the ITO 
transparent throughout the deposition process.  
 
Nevertheless a tandem cell with the parameters 
given in table I has been obtained.  Certainly the 
efficiency is not remarkable especially since it is 
lower than the efficiency of the original 
Cu(In,Ga)Se2 solar cell when illuminated with the 
full solar spectrum. But the open circuit voltage of 
almost 1.2V is remarkable and the work shows that 
a first step towards stacked tandem cells has been 
taken.   
 
Table I:  PV parameters of the tandem cell 
 
 VOC/V 1.18 
 j/mA/cm2 10.6 
 FF/% 60 
 η/% 7.4 
 
Reference 
[1] S. Nishiwaki, S. Siebentritt, P. Walk, M. C. Lux-
Steiner, Prog. in Photovoltaics 11 (2003) 1-6 
 
 
S. Siebentritt, S. Nishiwaki, P. Walk               
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Fig. 1: J-V characteristics of the individual cells 
and the tandem cell 
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CuGaSe2 thin films prepared by a novel Chemical Close-Spaced 
Vapor Transport (CCSVT) technique for photovoltaic application 

The novel CCSVT-technique 

Sustaining excellent photovoltaic material properties 
at reduced deposition temperature and high deposi-
tion rates represents an unique challenge for further 
process development.  

Very recently, a halogen-supported chemical vapor 
transport technique (CCSVT) has been highly suc-
cessfully implemented allowing fast and large-area 
deposition of high quality semiconducting chalcopy-
rite thin films for photovoltaics. A schematic drawing 
of the system is shown in Fig. 1 (for details see Ref. 
1).  
 

  
First results  
Thin metallic Cu films deposited on clean and Mo-
coated soda lime glass (SLG) substrates are ther-
mally and chemically treated under gaseous 
GaClx/H2Se atmosphere in the CCSVT cell. The 
Ga2Se3 employed as source material is stoichiomet-
rically volatilized by a controlled amount of HCl/H2 
agent at a certain pressure. The thin film deposition 
of Ga2Se3 binary source material was performed 
under varying conditions of the source temperature 
(Tsource), the substrate temperature (Tsubstrat), the 
distance between source material and substrate 
holder (Dsource-substrate), the reactor pressure (preactor) 
and the gaseous HCl content within H2 carrier gas 
(QHCl/QH2)  

Single phase CuGaSe2 layers are prepared with a 
growth rate of 230-240 nm/min by using a single 
stage process. A two stage process is applied for 
the fine tuning of the CuGaSe2 composition and 
electronic properties appropriate for the solar cells 
preparation. Particularly, the Ga-to-Cu ratio is con-
trolled within an error of 3.0% of the as-prepared 
films. The CCSVT-process parameters have been 
summarized and compared with conventional used 
evaporation process parameters in the table. 

 

 
 
Film characterization including X-ray diffraction 
(XRD) measurements, scanning electron micros-
copy (SEM) observations, transmission electron 
microscopy (TEM) studies, X-ray fluorescence 
analysis (XRF) and elastic recoil detection analysis 
(ERDA) has been carried out (see Fig.2). By means 
of the ERDA method, high depth homogeneity of the 
deposited CuGaSe2 layers was observed. The de-
tected Na distribution in the depth profile favors a 
back side field.  
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Fig. 2: Chemical composition of thin CuGaSe2 film 
detected by elastic recoil detection analysis (ERDA). 
 
The solar cell devices consisting of 
Mo/CGSe/CdS/ZnO heterostructures show under 
AM1.5 conditions a total area efficiency of maximal 
7.0% with Voc = 788 mV and Jsc = 15.19 mA/cm2. 
 
Reference 
[1] Verfahren und Anordnung zum Abscheiden von 
Material aus einem Vorrat, DE 102 08 911.6  
AT: 27.02.2002. 
 
M. Rusu, S. Wiesner, S.M. Babu, D. Fuertes Mar-
rón, K. Höhn, A. Jäger-Waldau, S. Lindner, A. 
Meeder, T. Münchenberg, A. Rumberg, Th. Sche-
del-Niedrig, R. Würz and M. Ch. Lux-Steiner  
W. Bohne, W. Fritsch 

Parameters CCSVT evaporation 

T(source) [°C] 520 - 580 1200–1400 (Cu/Ga)  
300 (Se) 

T(growth) [°C] 450 - 520  > 600 

Growth rates 
[nm/min] 

    240  <  200 

materials use [%]   50 - 60  5– 50  (Cu/Ga) 
  ≤  10  (Se) 

 
 

Substrate Heater

Substrate Holders
(9 Substrates (1"x1"))

Distance parts

Source Boat

Source Heater

Gas Inlet

 
Fig. 1: Schematic drawing of the novel CCSVT-
deposition reactor [1]. 
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ILGAR-ZnO/CIGSSe solar cells – effects of damp/heat exposure  

The main goal of the project is the further progress 
in chemical low-cost methods for the deposition of 
semiconductor thin layers, mainly the ILGAR proc-
ess (Ion Layer Gas Reaction, patents by HMI). The 
classical ILGAR is limited to a layer thickness of 100 
nm due to the limited growth rate of involved dip 
steps. In order to deposit µm-layers an ILGAR spray 
process has been developed. Thin film solar cells 
with so-prepared CIGS (Cu(In,Ga)S2) absorbers 
have already reached an efficiency of 3.5%.  

Effects of damp/heat (DH) exposure on ZnO-
WEL/CIGSSe solar cells (WEL=Window Exten-
sion Layer, CIGSSe=Cu(In,Ga)(S,Se)2) 

ZnO WELs (i.e., buffer layers of the same material 
as the sputtered window, but deposited by a mild 
process) were optimized such that record efficien-
cies up to η=15% could be reached (reference with 
CBD-CdS buffer η=14.1%).  In the new WEL con-
cept without sputtered i-ZnO cells with η=14.6% 
(reference CdS η=14.8%) and mini modules with 
10.9% (reference CdS η=12.9%) were already ob-
tained (Fig.1). 

A broad, 100 h DH stability study of cells with 
CIGSSe absorbers from Shell Solar and buffer 
layers deposited at the HMI by various wet and dry 
processes revealed that ILGAR-ZnO and CBD-ZnS 
equally belong to the best Cd-free candidates with a 
relative decrease in efficiency of approx. 40%. Be-
cause this is still poorer than the CBD-CdS refer-

ence (20%), we investigated the reasons for the 
DH-degradation in ZnO-WEL cells.  

ILGAR-ZnO layers  are obtained by repeating the 
following cycle: Dipping the substrate in Zn(ClO4)2 
solution and converting the dry solid Zn2+- precursor 
by gaseous NH3/H2O into the hydroxide, followed by 
dehydration to the oxide. Above 100°C the cell 
parameters strongly decrease, indicating absorber 
damage under the process conditions (Fig. 2). Ho-
wever, 100h DH tests show a better stability for 
100°C than for 75°C and 55°C process tempera-
tures (Fig.3).  

FTIR measurements (IWF Dresden) of ILGAR-ZnO 
deposited at these three temperatures show a de-
creasing content of hydroxide from 50°C until 100°C 
(not detectable). As derived from XPS measure-
ments, Zn(OH)2 is converted into ZnO during DH 
exposure. Therefore, we conclude that the water 
thereby formed deteriorates the highly sensitive 
WEL interfaces. (Most likely this is also a reason for 
the degradation of CBD-ZnS having Zn(OH)2 as a 
by-product). Consequently, for stable cells, the 
hydroxide content should be kept as low as possi-
ble, e.g., by high ILGAR process temperatures, but 
without damaging the absorber. 

Ch.-H. Fischer, M. Bär, H.-J. Muffler, T. Kropp, J. 
Reichardt, M.C. Lux-Steiner 

C. Kelch, M. Kirsch  

M. Giersig, U. Bloeck  

B. Leupoldt (Fraunhofer Institut Werkstoff- und 
Strahltechnik, Dresden); 

T. P. Niesen, F. Karg (Shell Solar GmbH, München) 
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Fig. 1: Different structures of solar cells (upper part) 
and photovoltaic parameters of corresponding de-
vices (lower part).  

Fig. 3: Stability of the power conversion efficiency of 
solar cells with differently prepared WELs before 
(pre DH) and after (post DH) DH-test as well as 
after lightsoaking cycles compared to CBD-CdS 
buffered references. 

Fig. 2: Photovoltaic parameters of devices with 
ILGAR WELs prepared at different temperatures. 
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Preparation of wide band gap materials by structure conformal 
conversion 

In thin-film photovoltaics, transparent semicon-
ductors like doped SnO2 or ZnO are used as trans-
parent front contacts. Further demands for these 
materials appear in extremely-thin-absorber solar 
cells (eta cells). This cell concept is based on very 
thin but highly folded absorbers. This reduces the 
required degree of purity. But the absorber needs to 
be deposited on a transparent conductor with a 
highly „folded“ surface. Here, new surface structures 
of known materials have been accessed by materi-
als conversion. 

Starting from electrodeposited columnar ZnO, which 
can itself be prepared in different morphologies, 
columnar or tubular ZnS was obtained by anion 
exchange in the gas phase, and further metal sul-
fides with the same surface structure by subsequent 
cation exchange in solution [1, 2]. In this step, the 
outer quality of the reproduced morphology depends 
on the interaction of the involved processes, namely 
dissolution, precipitation and exchange inside the 
solid. This was further examined by a series of 
Ag2S films from increasingly higher diluted solu-
tions, until the rate of initial precipitation no more 
overexceeded the overall rate of the following inter-
nal conversion [3]. 
 

Fig. 1: columns of Ag2S from columnar ZnS reacted 
with highly diluted AgNO3 solution. 
 
However, most transparent semiconductors are n-
type. Only few p-type are known, e.g. CuSCN, CuI 
or p-conducting polymers. All those are of question-
able long-term stability. Oxidic compounds have a 
general better stability, but only for the mixed oxide 
CuAlO2 p-conducting behaviour has been found (on 
low level), and is ascribed to its exceptional layered 
structure (Delafossite structure, Fig 2) [4]. But this 
crystal phase is not the favored, most stable reac-
tion product. Reacting the components at high tem-
perature (around 1000°C), as well as all large-area 
film deposition methods, yield mainly spinel-type 
CuAl2O4 and Cu oxides instead. 
 
Here, it was possible to achieve the synthesis by the 
structure conformal conversion of the isostructural 
compound α-LiAlO2. Making use of the high mobility 
of the Cu+ and also of Li+ ion, a crystal structure 
conformal conversion of this commercially available 

starting material could be performed already at 
temperatures as low as 400°C. This scalable syn-
thesis yields CuAlO2 powder free of CuAl2O4 and 
Cu oxides, and allows to include dopants. 

 

Fig 2: „Delafossite“ crystal structure of CuAlO2 and 
LiAlO2, and their conversion by ion exchange  in the 
lattice (adapted from [4]) 

  
[1] L. Dloczik, R. Engelhardt, K. Ernst, M. C. Lux-
Steiner, R. Könenkamp, Sens. Act. B 84 (2002) 33 
[2] L. Dloczik, M. C. Lux-Steiner, R. Könenkamp, E-
MRS, Strasbourg 2002 
[3] L. Dloczik, R. Könenkamp, 53th meeting of the 
International Society of Electrochemistry, Düsseldorf 
2002 
[4] H. Kawazoe, M. Yasukawa, H. Hyodo, M. Kurita, 
H. Yanagi, H. Hosono, Nature 389 (1997) 393 
 
Th. Dittrich, L. Dloczik, J. Chen, R. Bayon, A. Belaidi 
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Phthalocyanine/C60 organic solar cells

We study a new type of solar cell consisting of the 
organics phthalocyanine and C60

 [1] as well as 
buffer layers on the electrodes. The basic principle 
of this new type of photovoltaic devices is that of a 
donor-acceptor cell. Phthalocyanine plays the role 
of a hole-conducting donor. On the other hand C60 
has a strong electron affinity and is under certain 
conditions a good electron conductor [2]. Both ma-
terials exhibit a remarkable thermal stability. This 
allows the processing and study of vapor deposited 
well-defined thin films suitable for the fabrication of 
organic solar cells. 

  

Zn-Phthalocyanine

C60

Bathocuproine

Al

PEDOT:PSS

ITO  

Fig. 1: Schematic cell structure. PEDOT:PSS is 
spin coated onto an ITO substrate. All other layers 
are thermally vapor deposited under high vacuum. 
 
We fabricated this kind of photovoltaic devices in 
order to study charge carrier transport and electron-
hole recombination at interfaces. We paid careful 
attention to the use of poly-3,4-ethylene dioxy-
thiophene:polystyrene sulfonate (PEDOT:PSS) as 
hole-conducting and bathocuproine (BCP) as elec-
tron conducting buffer. (Fig. 1). 

As front electrode we employed ITO float glass, 
spin coated with PEDOT:PSS from aqueous solu-
tion. The substrates were introduced into a high 
vacuum chamber and coated by thermal vapor 
deposition with Zn-phthalocyanine, C60, batho-
cuproine and aluminum. In order to protect the cell 
from atmospheric oxygen it was covered on the 
backside with a thick C60 layer and then encapsu-
lated under inert gas. 
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Fig. 2:  I-V curve of our most efficient solar cell 
Triangles mark the illuminated, squares the dark 
measurement. Power conversion efficiency:  2.5 %. 
 

I-V characteristics were studied under one sun 
AM1.5 illumination of a solar simulator. Our best 
devices yielded external power conversion efficien-
cies of up to 2.5% depending on the quality of the 
PEDOT:PSS layer (Fig. 2). In the case of Fig. 2 the 
appendant cell parameters were: Jsc = -9.8 mA/cm2, 
Voc = 0.53 V, fill factor = 0.49. The photoactive area 
is 3.2 mm2. Photocurrent contribution of the active 
layers is shown in the external spectral quantum 
efficiency (ESQE, Fig. 3). ZnPc generates most 
charge carriers at wavelengths between 550 and 
750 nm. A weaker absorption caused by C60 is 
located in the short wave part of the visible spec-
trum (350-520 nm). In order to study the evolution 
in time of ESQE, the cell was first measured imme-
diately after the fabrication (Fig. 3, blue), then the 
solar cell’s power conversion efficiency was deter-
mined (1.4%) under the solar simulator. After 30 
minutes in the dark the second ESQE measure-
ment (red) was recorded.  
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Fig. 3: After the cell’s fabrication the ESQE was 
recorded (blue) then the power conversion effi-
ciency was determined (1.4%). After 30 minutes 
another  ESQE measurement (red) was recorded.  
 
 
We observed an uniform decrease of the photocur-
rent over the whole spectrum by one third. Since 
the conductivity of C60 is strongly influenced by 
oxygen impurities in the film [2], we suspect that the 
degradation is due to oxygen, which soaks through 
C60 during the measurement in the solar simulator 
and to a minor degree in the dark. 
 

  
[1] P. Peumans and S.R. Forrest, Appl. Phys. Lett. 
79 (2001) 126 
[2] R. Könenkamp, G. Priebe, and B. Pietzak, Phys. 
Rev. B 60 (1999) 11804-11808 

K. Fostiropoulos, M. Vogel, B. Johnev, B. Mertes-
acker, A. Weidinger  
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Kelvin Probe Force Microscopy: Direct observation of electronic 
grain boundary properties 

Kelvin probe force microscopy (KPFM) in ultra-high 
vacuum allows to simultaneously obtain structural 
as well as electronic information (work function Φ) of 
a sample’s surface with an extremely high lateral (~ 
20 nm) and energy resolution (~ 5 meV). 

The application of the KPFM to a solar cell absorber 
material was demonstrated using CuGaSe2 
(Eg=1.68 eV) deposited on Mo covered glass by 
physical vapor deposition. In Fig. 1 (a) we present 
the topography image as measured with the KPFM. 
Clearly the various grains can be seen, with the 
grain size varying between 200 and 700 nm. In Fig. 
1 (b) we present the simultaneously measured work 
function image for dark conditions. It is observed 
that the various grains show different absolute val-
ues of the work function. This effect was previously 
observed and explained by different electron affini-
ties depending on the crystallographic orientation of 
the surface. Additionally, the work function is seen 
to decrease at the grain boundaries, as observed by 
the dark “rings” around the various grains.  

In Fig. 2, we show the work function along the line in 
Fig. 1 (b). The work function is seen to drop at the 
grain boundaries by ~100 meV and ~170 meV, with 
an average of (110 ± 24) meV, when many grain 
boundaries are evaluated. The upper curve shows 
the work function along the same line for the sample 
measured under illumination (20 mW, λ = 685 nm). 
The absolute value of the work function is increased 
by ~ 110 meV, which can be explained by a reduced 
band bending at the surface. It is also apparent that 
the work function decrease at the grain boundaries 
is reduced. Averaging over many grain boundaries, 
the drop at the grain boundaries under illumination 
is found to be (76 ± 30) meV. Besides the size of 
the potential drop at grain boundaries, we can also 
extract information about the width of the space 
charge region (SCR) that develops at the grain 
boundaries. Averaging over many grain boundaries 
we find a SCR width of (42 ± 9) nm in dark condi-
tions, and (56 ± 10) nm under illumination. 
 

  
Fig. 1: KPFM measurement on CuGaSe2. The to-
pography (a) shows the grains of the polycrystalline 
thin film (grey scale = 360 nm). The simultaneously 
measured work function (b) shows a downward 
band bending at the grain boundaries (Φ = 4.23 – 
4.39 eV). The white line gives the position of the 
linescan in Fig. 2. 
 

We consider the relative changes in the work func-
tion as determined at the grain boundaries to reflect 
the electronic properties of the absorber material. 
By assuming that the grain boundary corresponds to 
a surface with a surface charge we determine the 
net doping Pnet of the absorber material from the 
size of the band bending ∆Φgb and the SCR width w, 
finding Pnet ≈ 9·1016 cm-3. By the fact that the SCR 
width at the grain boundaries does not extend to the 
center of the grains, we can estimate the density of 
charged trap states pgb ≈ 8·1011 cm-2. 

We can compare these results to recent transport 
measurements on samples originating from the 
same growth process. Schuler et al. found Pnet ≈ 1 - 
5·1017 cm-3 for the net doping concentration, ∆Φgb = 
60 – 135 meV for the band bending at the grain 
boundaries and concluded the charged defect den-
sity at the grain boundary to be pgb ≈ 1·1012 cm 2. 
Whereas we analyzed a number of individual grain 
boundaries from our KPFM images, Schuler et al. 
investigated an “average lowest” grain boundary 
barrier, determined by the average barrier of the 
percolation path through the material. Nevertheless, 
the results of this study and the present KPFM study 
are in good agreement. The origin of the defect 
states at the grain boundaries can be manifold, for 
example dangling bonds, oxygen contamination due 
to air exposure, Na contamination from the glass 
substrate, etc.  

Similar studies were also performed on the absorber 
material Cu(In, Ga)S2 (Eg=1.55 eV). We do not 
observe a significant difference in the electronic 
properties at the grain boundaries between the 
selenide material CuGaSe2 and the sulfide material 
Cu(In, Ga)S2.   
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Fig. 2: Linescan along the white line in Fig. 1 (b) 
showing the drop in the work function at the grain 
boundaries. Closed symbols are for dark condition 
and open symbols represent the work function along 
the same line under illumination (20 mW, λ = 685 
nm). 
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Analysis of buried interfaces in Cu(In,Ga)(S,Se)2 thin film solar cells 
by X-ray emission and photoelectron spectroscopy in the CISSY 
apparatus 

The general aim of the CISSY project is the investi-
gation of buried interfaces and surfaces in 
Cu(In,Ga)(S,Se)2 (“CIGSSe”) thin film solar devices. 
The CISSY endstation (Fig.1), completed in 2002, 
combines several relevant in-system preparation 
tools for thin layer deposition (sputter chamber, 
glove box for wet chemical processes) and the 

spectroscopic equipment for x-ray emission (XES, 
Scienta Gammadata) and photoelectron spectros-
copy (PES, VG CLAM 4) and a variety of laboratory 
techniques. The analytical concept of CISSY is 
based on information from XES and PES on the 
electronic properties and the chemical composition 
from different information depths (XES: several 100 

nm; PES: surface) for the study of buried interfaces 
in layer systems.  

All CIGSSe absorbers stem from the pilot line of 
Shell Solar, and subsequent depositions of buffer 
layers (CdS, ZnS, ZnSe, ZnO) were performed 
either in the attached glovebox of the CISSY appa-
ratus or in several labs at the HMI. Several prepara-
tion procedures were employed, including chemical 
bath deposition, absorber surface pre-treatments, 
and, in particular, the sequential cyclic ILGAR proc-
ess (Ion Layer Gas Reaction) consisting of dipping 
and solid/gas reaction steps. 

A broad study was dedicated to the stability of the 
CIGSSe solar cells during so-called “damp-heat 
tests” (“DH”, 85°C/85% rel. humidity, 100 h for un-
encapsulated samples), a fundamental issue for the 
photovoltaic industry. We started with the systems 
ILGAR-ZnO/CIGSSe  and sputtered-i-ZnO/CIGSSe, 
each with Cd2+/NH3 treatment of the CIGSSe ab-
sorber. In order to localize and understand the ob-
served effects, variations of preparation conditions 
as well as measurements before and after damp-
heat exposure were From the S L2,3 XES spectra in 
Fig. 2 we learn that ILGAR-ZnO deposited on 
CIGSSe under air contains sulfate, the signal of 
which disappears after damp-heat treatment (Fig.2, 
left), whereas in sputter-i-ZnO on CIGSSe sulfate is 
observed only after damp-heat exposure (Fig.2, 
right). Apparently, the chemical composition and 
hence the electronic behavior of ZnO depends on 
the preparation method. One has to keep in mind 

 
 

Fig.1: CISSY endstation with attached glovebox. 

Fig.2:  SL2,3 XES spectra of 25nm ILGAR ZnO (left ) and of 30nm sputter i-ZnO (right), both on Cd2+ treated 
CIGSSe as well as difference spectra and spectrum of a sulphate reference. 1: Cd-treated Absorber, 2: before 
damp heat test, 3: after damp heat test, Ref: CdSO4. 
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that the sulfate represents only a small fraction of 
the volume analyzed by XES, i.e., that the sulfate 
contribution to the resulting spectrum is very small. 
For a better visualization of the sulfate signals, the 
spectra of the absorber before damp-heat treatment 
and before i-ZnO deposition, respectively, are sub-
tracted from those taken after the respective treat-
ments, in order to account for the large number of S 
atoms within a CIGSSe environment. For compari-
son a sulfate reference spectrum is also shown. 

Complementarily, the PES spectra of the as depos-
ited ILGAR sample give no evidence of sulfate at 
the ZnO surface. Therefore, the sulfate must be 
localized at (or near) the ZnO/CIGSSe interface. 

PES spectra of the same sample after DH show 
peaks corresponding to the absorber elements, 
indicating that the ZnO coverage is no longer com-
plete, in agreement with scanning electron micro-
graphs.  

The unique CISSY feature of in-system preparation 
allows a preparation by wet chemical processes in 
the attached glovebox under N2 atmosphere and 
therefore a direct comparison to products of stan-
dard preparation in air. When ILGAR-ZnO is depos-
ited on CIGSSe in the glovebox, S L2,3 XES spectra 
clearly show a reduced sulfate signal indicating that 
oxygen and/or humidity from the ambient environ-
ment is involved in the sulfate formation process. 
These results can be very important for better solar 
cell efficiency and stability and will be fed back di-
rectly into the solar cell production process. 

Alternative ZnS buffer layers prepared by chemical 
bath deposition (“CBD”, A. Ennaoui, HMI) have 
resulted in high cell efficiencies. The presence of S-
Zn bonds could be confirmed by XES (Fig. 3), in 
spite of the small amount of material (thickness of  

no more than a few nm). The difference of the spec-
tra “after minus before deposition” obtained with an 
excitation energy of 200 eV points to the presence 
of ZnS and ZnSO4. However, ZnS becomes more 
evident by XES with deliberate excitation below the 
sulfate absorption edge (165 eV). Therefore, in 
addition to the advantage of high flux excitation, 
undulator-based synchrotron radiation also offers 
the possibility to “switch-off” a certain chemical core 
hole species, allowing a significantly enhanced 
spectral interpretation.  

The present results, taken during the two inaugural 
beamtimes of the CISSY apparatus at the U41-PGM 
and the UE46-PGM beamline, give a first perspec-

tive of the multitude of information which can be 
obtained when combining different spectroscopic 
methods with in-system and, in a later stage, in-situ 
thin film preparation. 

 
Ch.-H. Fischer, M. Bär, A. Grimm, I. Kötschau, I. 
Lauermann, J. Reichardt, S. Sokoll, and M.C. Lux-
Steiner 
 
L. Weinhardt, O. Fuchs, C. Heske, Experimentelle 
Physik II,Universität Würzburg 
C. Jung and W. Gudat, BESSY GmbH, Berlin 
T. P. Niesen and F. Karg, Shell Solar GmbH, Mün-
chen 

 

N
or

m
al

iz
ed

 In
te

ns
ity

160155150145
Emission Energy [eV]

5

4
3

2

1

                   

N
or

m
al

iz
ed

 In
te

ns
ity

160155150145
Emission Energy [eV]

4
 

3

1
2

5

 
Fig. 3: S L2,3 XES spectra of CBD-ZnS/CIGSSe, CIGSSe, and difference spectra for excitation energies of 
200 eV (left) and 165 eV (right), showing the effect of deliberate excitation below the sulfate absorption edge. 
1: bare CIGSSe-absorber, 2: CBD-ZnS on CIGSSe, 3: difference spectrum (2-1), 4: ZnS-reference, 5: sulfate-
reference. 
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CuInS2 mini-modules - preparation and testing 

 
Thin film solar modules of CuInS2 which are pre-
pared in an industrial relevant process are currently 
under development in a joint effort with the depart-
ment SE2. These solar devices have the advantage 
over crystalline silicon devices that series connec-
tion of single solar cells to a complete module can 
be achieved right during processing. This integrated 
series connection requires the deposited layers to 
be cut at three different levels. According to the 
large area of commercial modules totally more than 
100 m scribe length per level has to be performed 
on a single module. Thus the technology chosen for 
cutting the different layers not only has to be highly 
reliable but also fast enough to meet the production 
time pattern.  

The first layer to be cut is the molybdenum backside 
metallization. A suitable procedure is laser scribing. 
In 2002 we have put into operation a specially de-
signed machine consisting of a laser to cut the mo-
lybdenum layer and a stylus to mechanically cut the 
other two layers. The requirement of fast and reli-
able cuts implies the proper setting of a variety of 
parameters. Important parameters are laser power, 
laser pulse frequency and cutting speed. They all 
are not independent but influence one another. 
Complete electrical isolation can be achieved with a 
set of parameters in the high power regime as well 
as with moderate laser power. The latter has bene-
fits in terms of the thermal strain to the molybdenum 
layer close to the scribeline. Fig. 1 shows a laser 
scribeline less than 20 microns wide in a 1 micron 
thick molybdenum layer. 

 

Fig. 1: Molybdenum layer of 1 micron thickness with 
a laser cut less than 20 micron wide. 

A scribing speed of close to 1 m s-1 has been real-
ised at a isolation resistance of >106 Ω. First mini-
modules including laser-cut molybdenum have been 
fabricated. However, fine adjustment of the parame-
ters is still ongoing. 

In collaboration with SE2, the routine preparation of 
mini-modules in a so-called baseline has been 
strongly intensified. The ultimate goal is to test the 
baseline at a throughput of 20 mini-modules per 
months. Module efficiencies up to 9.7 % could be 
achieved on 5x5 cm2 glass substrates (aperture 

area efficiency, independent measurement by FhG-
ISE, Freiburg). Up to now, not all of the modules 
reach top efficiencies, there are also devices that 
show poorer performance. In order to discover the 
reasons for unsatisfactory performance these mod-
ules have been analysed in order to reveal defect 
mechanisms. By application of our infrared camera 
system shunts could be revealed as a major loss 
mechanism. Electrical current is passed through the 
solar device which leads to Joule heating of every 
cell of the module. As shunts tend to focus this 
current, local heating will occur which can be de-
tected by the camera. Using lock-in technique this 
infrared camera is able to discriminate lateral tem-
perature differences on a sample in the sub-mK 
range. 

 

Fig. 2: Thermography image of a mini-module with 
9.7 % efficiency and 66.6 % fill factor. The brighter 
the colour, the higher the local temperature. 

 

Fig. 3: Thermography image of a mini-module with 
8.6 % efficiency and 59.2 % fill factor. Three hot 
spots are due to small local shunts. As in a series 
connected module the current through all cells must 
be the same the shunted cells show darker because 
part of the current in these cells is concentrated at 
the shunt paths.  

Fig. 2 and 3 show thermography images taken of 
two modules of unequal performance. While the 
module in Fig. 2 with 9.7 % efficiency and 66.6 % fill 
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factor shows almost homogeneous temperature 
distribution over the entire module area, the infrared 
image of the less efficient module reveals three hot 
spots, which are caused by small local shunts. De-
lamination of the absorber layer in the vicinity of the 
scribe line has been identified as a major cause for 
shunts. This problem could be reduced by changing 
the dimensions of the interconnect pattern. The 
infrared camera system has thus turned out to be a 
powerful tool for quality control and failure analysis. 

Solar modules for outdoor application have to be 
protected against environmental influences. To this 
end, the devices are often encapsulated by laminat-
ing a second glass plate onto the thin film layer 
structure. This procedure has been performed using 
a ethyl-vinyl-acetate (EVA) foil. Attention has to be 
paid to the lamination temperature: on one hand to 
fulfil the requirements of sufficient polymerisation, 
on the other hand not to degrade the device. Other 
important parameters are lamination pressure and 
time. The critical regions of the modules are the 
edges since there is only a small rim to seal glass 
on glass and where humidity can penetrate into the 
layers. This small rim is necessary in order to obtain 
as much active device area as possible. 

Alternative procedures have been considered in 
order to facilitate the encapsulation process. A very 
simple method has been developed by the depart-
ment SE5 and has been evaluated in co-operation. 
An organic wax of natural provenience is deposited 
by dipping the module into a solution of the wax. 
These wax sealed modules are tested without an 
additional cover by a second glass plate. 

 

Fig. 4: CuInS2 mini-modules at the test array on the 
HMI campus (near the guesthouse) exposed to the 
Berlin weather. 

The encapsulated modules have been exposed to 
several stress tests to examine their stability and to 
evaluate the reasons of possible degradation. Mod-
ules have been exposed to Berlin weather since 
October 2002 at a new experimental test array close 
to the guesthouse. This test array which has a ca-
pacity of up to 20 modules of different sizes has 
been developed together with SE2. During 3 months 
of field exposure, the laminated modules exhibited a 
degradation of only 5% in efficiency. The wax 
sealed modules did not show a stronger degrada-
tion than the glass laminated ones. 

A standardised method for time-accelerated tests 
for solar modules is the so-called ISPRA-test (IEC 

1215). Under this test, modules are stressed for 
1000 hours at 85 °C and 85 % relative humidity 
(damp-heat). In order to provide this widely used 
standard test procedure, a new climate exposure 
test cabinet was put into operation in December 
2002. Fig. 5 depicts the relative efficiency of 3 mod-
ules as a function of exposure time to the damp-
heat test. The module (a) in Fig. 5 has been ex-
posed without any protective cover and serves as a 
reference. Within 200 h, the efficiency of this device 
deteriorated to 20% of its initial value. It should be 
noted that degradation in 85°C dry atmosphere on 
the contrary is negligible. Thus, the strong degrada-
tion of the uncovered module emphasizes the im-
portance of sealing against humidity. The physical 
mechanism of degradation is not known so far. Both 
encapsulated modules (b) and (c) in Fig. 5 exhibit a 
decreased degradation with respect to the non-
excapsulated one. Again the wax sealed modules 
behaved similar to the glass encapsulated ones. 
Nevertheless, the degradation is still much larger 
than required in order to pass the ISPRA test. Fur-
ther work has to concentrate on 2 aspects of this 
type of stability: (i) improved inherent stability of the 
solar cells to humidity and improved encapsulation 
and/or sealing. 
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Fig. 5: Degradation of the efficiency of a non-encap-
sulated (a), a glass-encapsulated (b), and a wax 
covered (c) module under climatic test at 85 °C and 
85 % relative humidity. 

J. Klaer, I. Luck, A. Boden, A. Werner, I. Gavilanes-
Perez, R. Klenk, R. Scheer 
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CuInS2 quality assessment by Raman spectroscopy 

It is well known that Raman scattering can qualify 
the perfectness of materials such as thin films. The 
goal of this work is to develop Raman scattering as 
a quality control for CuInS2 solar cell production. 
Our group, in collaboration with the university of 
Barcelona, previously investigated Raman spec-
troscopy for CuInS2 thin films (see HMI Annual 
Report 2001 SE3.01b). Samples with different struc-
tural quality, as it results from Cu-poor compared to 
Cu-rich preparation, has been studied. It was found 
that films of Cu-poor stoichiometry or those formed 
at significant too low substrate temperature exhibit a 
defect ordering, the so-called CuAu ordering. Ab-
sorbers prepared in our baseline grow under Cu-rich 
conditions and show only a small or even no content 
of that CuAu ordering. In-situ Raman spectroscopy 
performed during the growth of the films, however, 
revealed that the CuAu ordering marks an interme-
diate state of crystallisation. 

In order to investigate the baseline CuInS2 films by 
Raman scattering and to derive further relations 
between spectroscopic features and photovoltaic 
performance, a large number of samples has been 
investigated. They were prepared under different 
conditions, e.g. variation in process temperature, 
Cu/In-ratio and absorber thickness, and completed 
to working solar cells. All samples have in common 
that a dominant Raman mode (A1-mode) can be 
observed which is caused by the vibration of the an-
ion sublattice. As already known from other mate-
rials the FWHM (full width at half maximum) of a 
Raman peak is an indicator for crystal quality, i.e. 
the density of localised and extended defects, of a 
material. Therefore, the aim of the current work is to 
find a correlation between the signature of the A1-
mode and the solar cell parameters. 

Fig.1 shows Raman spectra of three representative 
samples together with the fit results. As can be 
seen, the dominant Raman mode appears at appro-
ximately 292 cm-1 corresponding to the A1-phonon 
mode of CuInS2. No contribution of the CuAu related 
mode at 305 cm-1 could have been detected.  

Fig. 1: Raman scattering intensities versus wave- 
numbers for different Glass/Mo/CuInS2/CdS/ZnO 
samples. Primary and scattered light of the Raman 
experiment were passing the window layer of 
ZnO/CdS. The dots represent the measured data, 
the full line the symmetric fit. Open circuit voltage : 
(a) 726 mV, (b) 651 mV and (c) 194 mV 

The spectra shown are characterised by different 
spectroscopic broadening (FWHM values), where 
the large FWHM of spectrum (c) can be appreciated 
by the naked eye. This sample has been measured 
with a Voc (open circuit voltage) of below 200 mV. 
As already implied by Fig.1, a decrease in Voc val-
ues (from samples (a) to (c)) is correlated with an 
increase in FWHM of the A1-mode.  

In Fig.2 the solar cell parameter Voc of numerous 
solar cells is plotted as a function of  the determined 
values for FWHM of the dominant Raman mode. Up 
to a FWHM of 3.5 cm-1, values for Voc of 0.7 V or 
above have been found. In the range of 3.5 to 4.0 
cm-1 the data of Voc show a scattered behaviour 
(between 0.7 and 0.54 V) which seems to have a 
slightly decreasing tendency. But below 4.0 cm-1 a 
significant decline in the values for Voc can be sta-
ted. Thus we interpret the data as suggested by the 
dashed line in Fig.2. According to the experimental 
relation between Voc and Raman line width, a quality 
condition of FWHM < 3.5 cm-1 can be formulated. 
This condition now qualifies the absorber material 
as such before testing it in a complete solar cell.  
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Fig. 2: Open circuit voltages of solar cells versus the 
FWHM of the A1 mode.  

Raman peak broadening can be explained by high 
defect densities in the lattice. Although little is 
known about the specific type of defects in our films, 
we assume the same relationship to explain our re-
sults. The decreasing Voc can be interpreted as a re-
sult of higher defect densities: The Voc of a solar cell 
depends logarithmically on the saturation current j0. 
If we assume that for CuInS2-based solar cells the 
main recombination path appears in the space char-
ge region, a direct correlation exists between the 
density of the recombination sites Nt and j0. There-
fore, Voc is expected to be reciprocal to ln(Nt). This 
indeed has been found by admittance spectroscopy. 
Thus, crystal defects seem to be the limiting factor 
for the Voc for FWHM values larger than 3.5 cm-1. 
But as indicated by the saturation behaviour of  Voc 
for low  FWHM values, crystal defects cannot be the 
only limiting factor. Obviously there are other limita-
tions which reduce the Voc below the predicted theo-
retical value of 1V. 

E. Rudigier, I. Luck, R. Scheer
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A new application of NOPA: Generation of sub-20 femtosecond la-
ser pulses in the visible and near infrared at 100 kHz repetition rate

A novel 100 kHz Nonlinear Parametric Optical Am-
plifier (NOPA) for the generation of sub-20 femto-
second laser pulses was developed and success-
fully installed. The new apparatus provides shorter 
and better tunable laser pulses than commercially 
available NOPAs that run at only 1 kHz.  Femtosec-
ond Transient Absorption and Two Photon Photo-
emission  measurements at semiconductors require 
low level laser excitation keeping signal detection in 
an acceptable linear range. This is achieved here 
via the high repetition rate of 100 kHz. The new 
device represents thus a significant improvement 
towards time-resolving the dynamics of hot charge 
carriers at the surface and in the bulk of III-V mate-
rials and verifying theoretical models. In addition the 
still lasting controversy regarding electron injection 
times in dye sensitized solar cells can now be sol-
ved making use of the better time resolution and 
tunability. The new device was planned and de-
signed in collaboration with the group of Prof. E. 
Riedle at the LMU in Munich. So far NOPAs have 
only been used with 1 kHz Ti:sapphire pump sys-
tems and pump energies above 100 µJ [1]. The low 
energy pump (5 nJ) required a careful optimization 
of the setup. The NOPA is adjustable from 460 nm 
to well beyond 1 µm (Fig. 1). At the maximum of the 
tuning curve a pulse energy of 750 nJ was obtained 
corresponding to a quantum efficiency of more than 
30 % from the blue and an overall energy conver-
sion efficiency (800 nm to green) of about 10 %. 
The average power of 75 mW is considerably higher 
than that obtained from comparable commercially 
available 1 kHz systems with sub-20 fs pulse length.  
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Fig.1: Pulse energies and spectral performance 
of the NOPA. The inset shows the beam profile at 
the output at around 600nm. 
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Fig.2: Autocorrealation traces and sech2 fits with 
corresponding spectral bandwidths 

 
 
Fig. 2 shows the laser pulse width measured in an 
autocorrelation setup with a SiC diode as two-
photon mixing device. Similar results were obtained 
when a thin BBO crystal was used for mixing. The 
pulses were recompressed in a quartz prism com-
pressor assembly. The spectral bandwidths should 
allow for even shorter pulses in more sophisticated 
compression setups. 
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Experimental proof of electron injection with finite lifetime from the ex-
ited perylene chromophore anchored on TiO2 with a carboxyl group
Ultra-fast photo-induced electron transfer from large 
molecular adsorbates into semiconductors is firstly 
an interesting fundamental case study [1] and sec-
ondly of considerable importance for some applica-
tion-oriented devices, e.g. unconventional dye sen-
sitized solar cells [2]. The dynamics of electron 
transfer from a photo-excited molecular donor state 
into the conduction band of a nano-structured film of 
TiO2 anatase was studied with transient absorption 
spectroscopy. 
It is important to distinguish between two border 
cases of ultra-fast heterogeneous electron transfer, 
i.e. a direct optical transition or a transition from the 
first optically excited state (finite lifetime) of the 
adsorbed dye molecule. The different oscillator 
strengths involved require a different amount of 
adsorbed dye necessary for absorption saturation 
and hence also influence the recombination time 
constant via the thickness of the light absorbing 
layer. 
The strength of electronic coupling is reflected in the 
degree of mixing between excited molecular states 
and unoccupied electronic levels of the semiconduc-
tor. In the first case of strong coupling, which is 
given for small molecules directly bound to a semi-
conductor surface, the corresponding electron trans-
fer times can be faster than 3 fs [3] with an energy 
uncertainty above 0.5 eV. The effect of vibrational 
excitation of the molecular donor is nearly washed 
out, and new states may arise in this strong cou-
pling case. Photo-excitation of such so-called 
charge transfer states results in a direct optical 
transition from a localized molecular to a delocalized 
bulk state [3]. In the second case of weak to moder-
ate electronic coupling typical electron transfer 
times are several ten to a few hundred femtosec-
onds.  
The influence of vibrational wavepackets on hetero-
geneous electron transfer dynamics has been stud-
ied in such systems with laser pulses of e.g. 20 fs 
duration [4]. 

 
We have varied the electronic coupling between a 
chromophore, i.e. perylene, and the surface of TiO2 
in a systematic fashion by inserting different mole-

cular spacer groups with saturated bonds [5]. Fig.1 
shows the absorption spectrum of 2,5-Di-tert.butyl-
9-perylenyl-carbonic acid (Pe’-COOH), the perylene 
derivative with the strongest coupling, attached to 
colloidal TiO2 anatase. The vibrational signature of 
the non-adsorbed chromophore is conserved, in-
dicating the absence of very strong coupling that is 
often attributed to a direct opticalcharge transfer 
transition to bulk states. From the maximum line-
width compatible with the spectrum one can deter-
mine a minimum injection time longer than 3 fs.  
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Fig.2: Transient absorption of Pe'-COOH on TiO2  
after photo-excitation with a 30 fs laser pulse: The 
rise of the cation signal (blue) and the decay of the 
excited state absorption (inset) indicate an injection 
time constant of 12 fs and 15 fs, respectively. 

A direct measurement of the transfer dynamics is 
shown in Fig.2. The rise of the molecular product 
state, i.e. the perylene cation, was monitored at 570 
nm after excitation with a 430 nm pump pulse 
(FWHM of the cross-correlation: 47 fs). The solid 
line shows the fit of the mono-exponential rise with a 
time constant of 12 fs. The inset shows the decay of 
the photo-excited singlet state (probe wavelength: 
710 nm), which contains equivalent information. 
Excited state and cation dynamics agree well within 
the experimental uncertainty and give a proof of the 
finite injection time in the strong coupling case that 
is realized by attaching perylene via a carboxyl 
group onto TiO2. 
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Fig.1: Absorption spectrum of Pe’-COOH 
adsorbed on colloidal TiO2 anatase.  
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In-situ Control of MOCVD grown GaSb(100)  

GaSb is a low bandgap semiconductor that is of 
great interest for novel solar cell devices, i.e. firstly 
for thermo- photovoltaic cells and secondly for high 
efficiency multi-junction solar cells. It is well known 
that the growth of GaSb is more complicated and 
puts more restrictions on the growth parameters 
(gas pressures, temperature) than other III-V mate-
rials like GaAs and InP. In-situ monitoring of 
MOCVD (metalorganic chemical vapor deposition) 
growth is a key issue since it can lead to a better 
control over the growth of the semiconductor layer. 
Reflectance difference/anisotropy spectroscopy 
(RDS/RAS) is a powerful tool for performing this in-
situ monitoring of III-V-semiconductor growth in an 
MOCVD reactor. This technique delivers optical 
spectra that show unique spectral features for dif-
ferent materials, surface properties and even can 
give information on dopant concentration. Once the 
relation between the RDS signals and the material 
properties is known, these 'fingerprint' signals can 
be used to monitor and optimize the growth proc-
ess.  RDS is a reflectance technique that probes the 
anisotropy arising from the different atomic structure 
on the surface compared to an isotropic bulk. It 
measures the difference in the normal-incidence 
reflectance r[-110] and r[110] of linear polarized light 
that impinges at normal incidence onto the sample. 
This difference is normalized to the total reflectance 
<r> (Fig.1). The RDS signal arises due to a reduc-
tion in symmetry on the reconstructed surface. RDS 
signals can originate also from anisotropic atomic 
steps, terraces, and 3D structures of micrometer 
dimensions.  
 
 

 

Fig.1 Experimental set-up for RDS/RAS measure-
ments according to [1]: The difference in reflectance 
is measured employing the lock-In technique. Dia-
gram from J. Rumberg, TU Berlin (1995) 

 

Epitaxial GaSb(100)-semiconductor films were pre-
pared in an AIXTRON AIX-200TM reactor using 
triethylantimony (TESb) and triethylgallium (TEGa) 
as precursors. Sample growth was monitored in the 
MOCVD reactor with RDS. Fig. 2a shows the RDS 
spectra of a successfully grown GaSb sample. It is 
also the first published application [2] of the recently 

introduced RAS apparatus that allows for measure-
ments in the near IR spectral range (0.8 eV to 5.0 
eV).  

With unfavorable parameters (high flow rates or 
unsuitable Sb/Ga-ratios) the growth of anisotropic 
3D islands of micrometer dimensions was promoted 
(Fig. 2b). The occurrence of the latter led to a strong 
RDS signal. Compared to a flat surface these is-
lands led to an increase in the RDS signal by more 
than one order of magnitude. The growth of such 3D 
islands was avoided by the choice of appropriate 
growth parameters (Fig.2a). State of the art GaSb 
films were grown with residual charge carrier con-
centrations Np < 3 x 1016 cm-3 under appropriate 
growth conditions (V/III-ratio=1.55, pTEGa< 7 x 10-4 

mbar, growth rate=1.6 µm/h, T=550°C).  

 

Fig.2 a) RDS signal of GaSb(100) and electron 
microscope image of the surface for proper growth 
conditions. b) GaSb(100) grown with unfavorable 
growth parameters: The extremely strong RDS 
signal originated at 3D structures that were oriented 
parallel to the [-110]-axis. 
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Energies of unoccupied and occupied electronic surface states on In-
rich (2x4)-reconstructed InP(100) measured with femtosecond 2PPE

The pioneering work of Bokor and Haight [2] has 
established that time-resolved two-photon-
photoemission (2PPE) is a powerful tool for eluci-
dating the existence and energetic positions of un-
occupied electronic surface states or interface 
states in the band gap, and also of surface and 
interface resonances, where the latter are isoener-
getic with bulk states in the conduction band. It is at 
hand to employ this powerful tool for investigating 
materials of technological relevance, in particular III-
V semiconductors for solar energy conversion 
grown via MOCVD (metalorganic chemical vapor 
deposition). It is meaningful to test these sometimes 
complicated 2PPE signals first at a well-defined 
surface where valuable supporting information con-
cerning the atomic structure on the surface can be 
collected by applying many different tools of surface 
science. In addition it is helpful when experimental 
results can be compared with theoretical predic-
tions. All these criteria are met by the (2x4)-
reconstructed In-rich surface of InP(100). Electrons 
lifted by a laser pulse to an unoccupied electronic 
state are not stable at this energy level and will 
scatter with other charge carriers and phonons 
thereby reaching unoccupied electronic levels at 
lower energies. Such processes occur in femtosec-
ond time windows. Thus, measurements of mean-
ingful 2PPE spectra require laser pulses of femto-
second duration. Photons in the probe laser pulse 
must have sufficient energy to lift the electrons from 
the unoccupied electronic states in the solid into 
vacuum where they are recorded and analyzed for 
their kinetic energy and angular distribution. 
 
Fig. 1 shows the 2PPE spectrum (solid curve) of the 
clean ordered (2x4)-reconstructed In-rich surface of 
InP(100) measured with 4.66 eV photons and pulse 
widths below 50fs (FWHM) [2]. The origin of the 
peaks was elucidated in additional measurements 
where e.g. the photon energy and polarization of the 
pump pulse was varied. It was found that i4 stems 
from occupied surface states located close to the 
upper edge of the valence band as had been seen 
also with UPS. Peak i3 stems from a bulk state, and 
i2, i1 originate at unoccupied surface resonances. 
The rise in the signal at kinetic energies correspond-
ing to photoemission from the band gap, i.e. below 
the conduction band minimum (CBM in Fig.1), was 
attributed to defects that are inhomogeneously dis-
tributed over the surface, probably tiny cluster of 
Indium. Preparation of the ordered (2x4)-
reconstructed In-rich surface involved temperatures 
above 360°C, where phosphorus is preferentially 
desorbed from the crystal lattice. It is well known 
that a large concentration of Indium droplets can 
easily be formed on this surface at elevated tem-
peratures. In agreement with this scenario this part 

of the signal was not observed on the ordered 
(2x1/2x2)-reconstructed P-rich surface of InP(100). 
The uppermost layer of the latter is made up of only 
phosphorus atoms. It is highly unlikely that Indium 
clusters or droplets can be formed on this surface.  
The peaks ascribed to the surface states were 
strongly diminished (Fig.1) after the surface had 
been exposed to hydrogen. The two unoccupied 
surface states i1 and i2 are located 0.2 eV and 0.85 
eV above the conduction band minimum, respec-
tively. Our experimental findings are in excellent 
agreement with theoretical predictions by Schmidt et 
al. for this surface reconstruction of InP(100) [3]. 
The obvious next task will be time-resolving the 
dynamics of hot electrons on this surface, i.e. mea-
suring in real time electron scattering between 
surface resonances and bulk states in the conduc-
tion band. 
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Fig.1: 2PPE-spectrum (4.66 eV photons) of the 
ordered (2x4)-reconstructed In-rich surface of 
InP(100) before (solid curve) and after (dotted 
curve) exposure to excited hydrogen. 
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Electrochemical Surface Conditioning 
 

Electrochemical methods are increasingly used be-
cause of their high specificity allowing potential, current 
and charge control. For semiconductor surface modifi-
cation of photovoltaic absorbers, changes can be 
made from the submonolayer range up to several 
micrometers as will be shown below. The initial stages 
of roughening of float-zone n-Si(111) could be investi-
gated according to Fig. 1 where a photocurrent-voltage 
and the current behaviour with time are shown sche-
matically; interruption of the conditioning procedures 
are marked by labels (A) and (a) – (c). After sample 
emersion from the electrolyte at potential (A), the sur-
face was analysed by synchrotron radiation photoelec-
tron spectroscopy (SRPES)(Fig. 2). The conditions (a) 
– (c) were investigated by atomic force microscopy 

(AFM) (Fig. 3).  

Fig. 1: Schematic photocurrent-voltage and photocur-
rent-time behaviour of n-Si(111) in 0.1 M NH4F includ-
ing emersion times amd potentials (see text). 

Fig. 2: Si 2p line including deconvolution obtained after 
sample emersion at position (A) in Fig. 1. 

 

Fig. 2 shows the Si 2p core level line after emersion 
(see (A) in Fig. 1) only slightly positive of the rest po-
tential (ocp) in the NH4F solution. The original data 
have been fitted by mainly 5 contributions which exhibit 
shifts in binding energy Eb with respect to the so-called 
bulk line at Eb = -99.2 eV  and are characterised by 
different areas. From comparison with density func-
tional theory calculations made for expected reaction 
intermediates at the surface, the following assignments 
can be made; H-termination (∆E=0.2 eV), =Si-H-OH 
(∆E=0.8 eV) and =Si-H-F  (∆E=1.0 eV) species and a 
precipitate (∆E=2.3 eV). 

The AFM images show the onset of the dissolution 
process at step edges of atomic terraces (Fig. 3a) with 
formation of nanometer-sized pits. The images dem-
onstrate that the initial progress in pit growth (Fig. 3b) 
occurs rather in lateral than in vertical direction. For 
increased dissolution charge, rather  regular features 
(Fig. 3c) develop which exhibit large flat mesa-type 

islands. 

Fig. 3: AFM micrographs of n-Si(111) obtained after 
emersion at potential and times labelled (a)-(c) in Fig. 
1. Dissolution charge: 0.28 mCcm-2 (a), 0.69 mCcm-2 
(b), 4.5 mCcm-2 (c).  

In 0.2 M solution, the dissolution current is considera-
bly higher (AFM images not shown) and the analysis of 
the 3-dimensional roughness shows a hitherto un-
known exponential relationship with the charge passed 
upon dissolution. The understanding of the selective 
roughening serves as a prerequisite for directed 
nanostructure formation for light coupling and photonic 
devices.  

The elctrochemical conditioning of CuInS2 solar cell 
absorbers covered with a deleterious CuS phase has 
been partly successful as shown in Fig. 4. After a 
treatment at cathodic potential (reduction of CuS) the 
photocurrent-voltage characteristic in a photo-
electrochemical (PEC) solar cell with V2+/3+ redox elec-
trolyte is compared to the one obtained after the poi-
sonous KCN etch. The lower performance of the elec-
trochemically treated sample is attributed to Cu2S 
remnants acting as shunts as evidenced by recent X-
ray emission spectroscopy measurements at BESSY 
II. New conditioning procedures are currently tested.  

Fig. 4: PEC solar cell characteristics of electroche-

mically (red) and KCN etched (black) CuInS2  

H.J. Lewerenz, H. Jungblut, M. Aggour, J. Jakubowicz, 
C. Murrell, M. Kanis, M. Gaul  
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Charge carrier kinetics in the space charge region 

The interface Si3N4/Si is of large practical and theoreti-
cal importance. On the practical side the application in 
MOSFETs, as energy converting interface,  anti-
reflection system [1] in  solar cells and as electronic 
passivated Si surfaces in Si devices [1] can be men-
tioned. On the theoretical side the Si3N4/Si interface 
can be considered as one of the most simple forms of 
a hetero junction and so it can be used as a model 
system for the study of the behaviour of hetero junc-
tions. 

The Si3N4/Si interface is characterized by a high fixed, 
positive charge density (about 2x1012 cm-2) in the Si3N4 
part compensated mainly by free electrons in the Si 
part of the junction . So at the Si3N4/p Si heterojunction 
an inversion layer is built up. It is reported that the 
mobility of minority carriers (i.e. electrons) in the inver-
sion layer is strongly reduced down to 250 cm2V-1s-1[2]. 
Excess charge carrier kinetics in silicon wafers is de-
scribed by recombination and trapping of excess 
charge carriers in the volume and at the surface. Gen-
erally surface processes are taken into account by 
defining an effective surface recombination velocity at 
the edge of the surface space charge region. Volume 
recombination is mostly represented by a simple vol-
ume recombination time although trapping may occur. 
However, also the separation and storage of excess 
charge carriers in the space charge region must be 
taken into account . 

In this work the influence of the pSi/Si3N4 interface on 
excess charge carrier kinetics in the pSi substrate has 
been studied by contactless transient photoconductiv-
ity measurements. Substrate wafers of different resis-
tivities have been investigated. Furthermore, the differ-
ence between samples at one face and at both faces 
coated with a Si3N4 film has been studied. 

Contactless and non-invasive transient photoconduc-
tivity measurements in the microwave frequency range 
were performed at 10GHz with the Time Resolved 
Microwave Conductivity (TRMC) method in an equip-
ment as described previously [3]. The TRMC signal, 
i.e. the relative change of the microwave power re-
flected from the sample upon illumination, ∆P(t)/P, is 
proportional to the photoconductance ∆S(t) [3]: 

∆P(t)/P = A ∆S(t) = A (∆n(t)µne + ∆p(t) µpe) (1) 
 

where A is a proportionality constant, depending on 
dark conductivity, thickness etc., and ∆n(t) (∆p(t))  is 
the excess number in cm-2 and µn (µp) is the mobility of 
electrons (holes). TRMC signals are displayed in arbi-
trary units (a.u.). 

TRMC signals were excited by 10ns (FWHM) pulses at 
1064nm, leading to an approximately uniform genera-
tion of charge carriers. 

Silicon nitride (Si3N4) films (70nm thick) were depos-
ited in a commercial parallel-plate plasma deposition 
reactor (Plasma Technology). These films were depos-
ited on high quality single crystalline p-type (Boron 
doped) silicon wafers (0.53 mm thick) mostly on both 
sides. For the sample covered at only one side with 
Si3N4 it was controlled by TRMC measurements in-
duced by 532nm light at the uncovered face of the 
wafer that this face can be considered as an infinite 
sink for excess charge carriers [3]. Measurements of 

the conductance of the samples before and after the 
deposition of Si3N4 by microwave reflection measure-
ments [3] lead to essentially the same results as re-
ported previously: a conductance increase 2x10-4 Ω-1 is 
observed after deposition of a Si3N4 film at one Si 
surface [2]. 

TRMC measurements of several pSi wafers with dif-
ferent resistivities yield essentially the same results: 
The maximum TRMC signal height (the TRMC ampli-
tude) is proportional to the excitation density in the 
range covered. A fast initial decay is followed by a 
slower decay, where the signal shape does not change 
in the low excitation density range (lower than 3x10-8 

Jcm-2) but the initial decay becomes considerably 
slower at high excitation densities. The shape of the 
TRMC signal does not even depend on the resistivity 
of the wafer in the low excitation density as it can be 
seen in Fig.1, where as an example the normalized 
TRMC signals of the three wafers are displayed for 
excitation by 1064nm light (30nJcm-2): 
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Fig. 1: Normalized TRMC transients induced by 1064 
nm light pulses (excitation density 30 nJcm-2) in 3 pSi 
wafers (0.53 mm) with resistivities 140 Ωcm, 10 Ωcm 
and 4.5 Ωcm (as indicated in the figure) covered at 
both sides with Si3N4 films in a linear representation 

It can be concluded from the experiments that the 
decay behaviour of the TRMC signal (cf. Fig.1) cannot 
be due to some volume decay channel but must be 
due to a process at the Si/Si3N4 interface. Further-
more, this decay channel saturates at higher excitation 
densities . 

Further evidence for the attribution of the decay to a 
junction process comes from experiments on two sam-
ples of the same wafer, where one is coated by Si3N4 

films at both faces and the other one is covered only at 
one side by a Si3N4 film, whereas the other side can be 
considered as an in infinite sink for excess charge 
carriers. The shape of the TRMC signal is approxi-
mately the same but the slower decaying part of the 
signal is clearly larger in the sample covered at both 
sides. Obviously, surface recombination at the un-
coated surface competes with the junction process. 

Only one process can be related to the initial decay 
process: the decrease of the minority carrier (electron) 
mobility in shifting position from the bulk to the Si/Si3N4 
interface. 

The following model seems appropriate: 
Excess charge carriers (uniformily generated by 
1064nm) diffuse to the junction where electrons are 
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swept to the interface by the space charge field and 
holes stay at the edge of the space charge region. The 
contribution of the holes to the TRMC signal does not 
change but the contribution of electrons decreases 
drastically due to the decrease of their mobility. Also a 
recombination process in the space charge region 
must be taken into account to explain the long time 
slower decay. This yields three parameters for the 
description of excess charge carrier kinetics: 

- A rate parameter ktr describing the transport of the 
generated excess charge carriers to the space 
charge region. 

-The reduced electron mobility µn* at the surface. 
-The rate parameter krec describing recombination in 
the space charge region. 

It seems sound to assume that excess charge carrier 
pairs arriving at the edge of the space charge region 
are instantaneously separated as long as the space 
charge field is still considerable. This is evidently only 
valid at low excitation densities. Then the transport of 
the excess charge carriers to the space charge regions 
will be diffusion controlled and ktr is given by [3]:  

ktr = Dambπ
2

l 2

 
(2) 

where Damb is the ambipolar diffusion constant, given 
in the low injection range by the minority (electron) 
diffusion constant. In principle Eq. 2 is not instantane-
ously valid as first the principal mode must be estab-
lished [3]. However, application of Eq. 2 in the compa-
rable case of Si wafers with abrased surfaces has 
learned that a few microseconds after excitation the 
decay is described by Eq.2 for 1064nm excitation. As a 
further simplification it will be assumed that the recom-
bination process characterized by krec is exponential. 
Under these conditions ∆S(t) is described by a two 
exponential equation with only two varying parameters 
µn* and krec, whereas ktr is given by Eq. 2 and µn and µp 
are known. 

All experimental data could be fitted within the experi-
mental accuracy by the two exponential equation in the 
low excitation density range. As an example, experi-
mental data and the best fits are shown for a 400Ωcm 
pSi wafer (l= 0.53 mm) at both sides covered by a 
Si3N4 film in Fig.2. It can be seen that up to a limiting 
number of excess carriers ∆n0

lim=1x1011 cm-2 the ex-
perimental signals are satisfactorily described by the 
simple two exponential model. 

In Table I the values of krec and µn* found by fitting the 
experimental data are displayed. The values are ob-
tained by averaging the values obtained for all excita-
tion densities up to a number of generated excess 
charge carriers ∆n0

lim (in cm-2), corresponding to the 
highest excitation density yielding TRMC signals 
agreeing with the model. µn* is independent of the 
excitation density, but for krec the results of some sam-
ples suggest a weak increase with ∆n0 . It must be 
noted that the error in the parameters is relatively 
large, in particular because the experimental data is 
rather sensitive to combinations of krec and µn* 

Particularly convincing is the agreement between the 
parameters found for a wafer covered at one side and 
at two sides with Si3N4: within the accuracy of the 
measurements the same values for krec and µn* are 
found. 

 
Fig. 2: TRMC transients induced by 1064 nm light 
pulses (excitation densities from 0.65 - 65 nJcm-2) in a 
pSi wafer (400 Ωcm, 0.53 mm) covered at both sides 
with Si3N4 films in a semi-logarithmic representation. 
The (blue) lines drawn represent the best fits of the 
experimental data to the two exponential model with 
parameters given in Table I. 
 

Resistivity 
(Ωcm) 

Coa-
ted 

∆n0
lim 

(cm-2) 
µn* 
(cm2V-1s-1) 

krec 
(s-1) 

400 both 
sides  

1x1011 230 2x104 

400 one 
side  

1x1011 280 2x104 

140 both 
sides  

1x1011 230 1x104 

10 both 
sides  

4x1011 200 8x103 

4.5 both 
sides  

8x1011 200 1x104 

 
Table I: The parameters obtained for  the best fit of 
the experimental data to the two exponential model for 
five samples. 
 
This points to the adequacy of the model for the de-
scription of the experimental data. For all samples a 
value for µn* between 200-300 cm2V-1s-1 is found. This 
indicates that µn*  can be considered as constant 
within the accuracy of the experiments. The value for 
µn* agrees satisfactorily with the value µn* = 250(-
+20%) cm2V-1s-1determined by different measurements 
[2]. The parameter krec depends on the deposition 
conditions and the wafer pretreatment. 

The present work shows that excess charge carriers in 
the space charge region detected by photovoltage 
measurements are also accessible to (contactless) 
transient photoconductivity measurements, although 
with another weight factor 
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Growth monitoring of reactively sputtered MoSx and WSx thin films  

The aim of this project is to prepare van-der-Waals-
layer type semiconductors MX2 (M = Mo, W; X = S, 
Se) which have been proposed as absorber materi-
als for thin film solar cells [1]. Studies have shown 
that the texture of thin films of these materials is an 
important factor for their photoactivity (e.g. [2]). The 
(001) texture, where the van-der-Waals planes are 
parallel to the substrate surface, is favoured for the 
application in solar cells because such films have 
less surface states which can act as charge carrier 
recombination centres. Since reactive magnetron 
sputtering from metallic targets in mixtures of argon 
and a reactive gas (e.g. O2, H2, H2S) is a well estab-
lished technique for thin film deposition of oxides 
and sulfides we investigated this method for the 
deposition of MoSx and WSx films. In order to un-
derstand the growth mechanisms in situ experi-
ments with energy dispersive x-ray diffraction 
(EDXRD) during the sputtering process were per-
formed at the synchrotron radiation source HASY-
LAB at DESY, Hamburg. 

Analysing the stoichiometry of the films using elastic 
recoil detection analysis (ERDA) and Rutherford 
backscattering (RBS) revealed sulphur-to-metal 
ratios of x ≤ 2.3, dependent on the amount of H2S in 
the H2S / Ar sputtering gas mixture. Stoichiometric 
MS2 is however only formed at substrate tempera-
tures below 200°C, at which the films are practically 
x-ray amorphous. It was possible to prepare well 
crystallised films at substrate temperatures of 450°C 
and above with a suphur/metal ratio of approxi-
mately x = 1.7 - 1.8. 

In situ-energy dispersive x-ray diffraction (EDXRD) 

The setup of the experiment is shown in fig. 1a. At a 
fixed diffraction angle θ in situ-EDXRD spectra were 
measured by a high purity Ge detector with a time 

resolution of 20 – 30 s. Fig. 1b depicts a series of 
spectra which were collected during the deposition 
of a highly (001) textured WSx thin film. From the  
spectra series structural properties of the films were 
obtained in dependence on the deposition parame-
ters H2S partial pressure, sputtering power, sputter-
ing pressure (5 - 90·10-3 mbar), substrate tempera-
ture (190 - 620°C) and film thickness. Low deposi-
tion rates led to the formation of a strong (001) tex-
ture, in which the van-der-Waals planes were paral-
lel to the substrate, which is a prerequisite for high 
photoactivity of MSx films (c⊥ orientation of the crys-
tallites). In fig. 2 this is demonstrated for eight ex-
periments where MoSx films were deposited at in-
creasing sputtering pressure, i.e. decreasing depo-
sition rate. In the diagram the (002) diffraction peak 
area of the hexagonal MoS2 phase is plotted against 
the atomic areal density of the deposited Mo, which 
represents a normalized film thickness and was 
calculated from the peak area of the MoKα fluores-
cence line. The appearence of the fluorescence 
lines is due to the use of polychromatic ("white") x-
rays and is one advantage of the EDXRD method 
because it allows a film thickness monitoring addi-
tionally to the obtained diffraction pattern. The peak 
area of the (002) reflection shows a characteristic 
behaviour during the deposition. A steep increase is 
followed by a saturation effect. The saturation value 
of the peak area depends on the sputtering pres-
sure. With increasing pressure this value also in-
creases, indicating that an increasing volume of 
coherently scattering crystallites, which have their c-
axes perpendicular to the substrate (c⊥), is obtained 
with decreasing deposition rates.  
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Fig. 1: a) Setup of in situ sput-
tering chamber for EDXRD 
experiments at HASYLAB (BP: 
He-filled beam pipe; TP: turbo 
pump; MS: magnetron sputter-
ing source; RF, DC: power 
supplies for the magnetron; Ge: 
high-purity germanium detector. 
b) Series of  in situ-EDXRD 
spectra during magnetron sput-
tering of a WSx thin film. The 
green bars with the triangles 
mark the positions and the 
intensities of the powder diffrac-
tion spectrum of 2H-WS2 
(JCPDS 8-237), esc is an es-
cape peak due to the detection 
system. Deposition conditions: 
RF (27.12 MHz) sputtering 
power 50 W; Tsub = 450°C; 
ptotal = 0.02 mbar; gas flow ratio 
FH2S / (FH2S+ FAr) = 0.75; total 
deposition time 16 min; diffrac-
tion angle θ = 4.474°.  
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Fig. 2: Development of the peak area of the (002) 
EDXRD signal during reactive sputtering of MoSx 
thin films on oxidized silicon substrates. Eight depo-
sitions with varying sputtering pressure are shown. 
The normalized film thickness is given as atomic 
areal density of the deposited Mo and was calcu-
lated from the MoKα fluorescence line. Deposition 
conditions: DC sputtering power 50 W; substrate 
temperature 450°C; gas flow ratio FH2S / (FH2S+ 
FAr) = 0.75; floating substrate potential. 
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Fig. 3: Cross-sectional TEM picture of a reactively 
sputtered WSx thin film on an oxidized silicon sub-
strate. Each black line represents one S-W-S stack, 
several stacking faults can be observed (marked). 
The inset is a Fourier transformation of the micro-
graph showing the diffraction spots of the (002) and 
(004) lattice planes. Deposition conditions: See 
fig. 2, substrate temperature 620°C; total sputtering 
pressure 4·10-2 mbar. 

At high deposition rates, the initial (001) preferential 
orientation of the crystallites turns into a (100) tex-
ture. It is proposed that the texture cross-over can 
be interpreted on the basis of the model of compet-
ing contributions of surface energy and microstrain 
energy to the total energy of the crystallites. The 
saturation of the (002) peak area shows that the 

texture crossover is irreversible what can be ex-
plained by different growth velocities in the different 
crystallite directions. Once the (100) orientation 
occurs it will dominate the subsequent film growth 
because the crystallites grow 60 - 500 times faster 
in this direction than in the [001] direction. This 
value was obtained as approximation by comparing 
the size of single crystals of these materials in both 
directions. 

Lattice strain and stacking faults 

The development of the lattice strain ε of the c-axis 
relative to the lattice parameter of the powder mate-
rial could be derived during sputtering from the 
energetic position of the (002) diffraction peak. It 
was observed from SEM and TEM images that the 
(001)-oriented basal layer had a thickness of about 
20 nm to a maximum of 100 nm. The strain ε of the 
c-axis of the unit cell of MoS2 and WS2 exhibited a 
characteristic evolution with increasing film thick-
ness which was proved not to result from mechani-
cal stress in the films. A steep increase in the strain 
up to a maximum value was observed at the begin-
ning of the deposition followed by a relaxation to-
wards a slightly smaller saturation value. The maxi-
mum value of ε was up to 4% depending on the 
deposition rate [3].  

It is assumed that crystal defects such as disloca-
tions, self intercalated metal atoms or by analogy to 
graphite, turbostratic growth, i.e. a random stacking 
deviation from the perfectly parallel stacking order of 
the 2H or 3R polytypes, are responsible for the c 
lattice strain and grain sizes below 70 nm. This is 
plausible because of the weak bonds between the 
S-M-S stacks. The very small grains can be ex-
plained by a high defect density, which was con-
firmed by high resolution cross-sectional TEM 
analysis of the sputtered films. Fig. 3 shows a detail 
of a WSx film in which different stacking faults can 
be identified. From the micrographs dislocation 
densities of up to 3·1012 cm-2 were estimated. In 
combination with the metal surplus of many films in 
comparison to stoichiometric MS2 the strain of the 
crystallographic unit cell can also be explained by 
the intercalation of additional metal atoms between 
the van-der-Waals planes. 

Further in situ-EDXRD experiments during reactive 
sputtering of MoSx and WSx thin films are planned 
to find out wether the variation of the plasma excita-
tion mode (DC and/or RF) and the radio frequency 
can shift the texture further towards the (001) orien-
tation. 

References 

[1] H. Tributsch, Z. Naturforsch. 32a, 972 (1977). 
[2] E. A. Ponomarev, R. Tenne, A. Katty and C. 
Levy-Clement, Sol. Energ. Mat. Sol. C. 52, 125 
(1998). 
[3] V. Weiß, R. Mientus, K. Ellmer, Mat. Res. Soc. 
Symp. Proc. 721, 131 (2002). 

V. Weiß, R. Mientus (Optotransmitter-Umwelt-
schutz-Technologie e.V.), U. Bloeck, K. Ellmer 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.000 842.000]
>> setpagedevice


