Presented at the 19th European Photovoltaic Solar Energy Conference and Exhibition. 7-11 June 2004, Paris, France

PRESENT STATUS OF THE METALLIC INTERMEDIATE BAND SOLAR CELL RESEARCH

A. Marti’, A.Luquel, C. Stanleyz, T. Dittrich*, P.Wahnén', C.Tablero', R. Bay(')n4, N.Lépezl, L. Cuadra', D. Zhou?,
J. L. Pearson’, A. McKee®, A. Belaidi*, Y. Milovanov*, T. Guminskaya4, J.J.Fernandez', P.Palacios' and J.Alonso’

Instituto de Energia Solar- UPM, ETSIT de Madrid, Ciudad Universitaria sn, 28040 Madrid, Spain.
Department of Electronics and Electrical Engineering, University of Glasgow, Glasgow, G12 8QQ, UK.
3CST Global Ltd. B-7, Kelvin Campus, West of Scotland Science Park, Glasgow, G20 0TH, UK.
“Hahn-Meitner-Institut Berlin, Glienicker Str. 100, 14109 Berlin, Germany
> ISOFOTON S.A. Mélaga Spain.

ABSTRACT: The metallic intermediate band solar cell (MIBCELL) concept has been researched for the last three
years within the 5™ Framework Program of the European Commission. This research pursued an ambitious objective:
to put this concept into practice and thus approach a long term goal of electricity produced by a cell at a cost of less
than 0.5€/Wp. As a result of this work, intermediate band (IB) material candidates have been identified and
MIBCELL prototypes have been produced using quantum dot technology. Low cost manufacturing approaches,
based on the use of nanoporous materials have also been researched. The quantum dot approach has provided
experimental evidence of the performance of the cells under MIBCELL operating principles. The theory underlying

the MIBCELL concept is also now better understood.

Keywords: Fundamentals, Devices, I1I-V semiconductors, Strategy

1 INTRODUCTION

The metallic intermediate band solar cell
(MIBCELL, also sometimes referred to by us as the
intermediate band solar cell, IBSC) is designed to
enhance solar cell efficiency through the absorption of
below bandgap energy photons and the extraction of the
corresponding photocurrent with no voltage degradation
[1,2]. In theory, this would be achieved by means of a
semiconductor-like material characterised by the
existence of an intermediate band (IB) located within its,
otherwise, conventional gap (Fig. 1).
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Fig. 1. Basic IBSC energy bandgap diagram showing the
photon absorption process involved and the quasi-Fermi
level split [2].

The achievement of the current enhancement is easily
grasped once it is understood that below bandgap energy
photons (photons Av; and Av, in Fig. 1), not absorbed in
the absence of the IB, can now contribute to the
photocurrent. Hence, in a two step process, photons like
hv, pump electrons from the valence band (VB) to the IB
and photons like v, pump electrons from the IB to the
CB, the net balance of this process being the creation of
electron-hole pairs in the CB and VB. These pairs add to
the more conventional and directly generated ones by
photons like Av;.

It is usually a little more difficult to understand how
the cell output voltage may to be preserved. In the theory
of the IBSC, this is achieved by assuming the existence
of three separated quasi-Fermi levels (&g, &rc, &v), €ach
one associated with carriers in each of the existing bands:
IB, CB and VB respectively. Due to the emitters, the
output voltage, V, is ruled by the quasi-Fermi level split
&c — &y and therefore, it is not limited by any of the
lowest band-gaps, E; or Ey, but by Eg In addition, the IB
should be half-filled with electrons in order to provide
sufficient empty states to receive an electron from the
VB and to supply them for transitions to the CB. For
optimum performance, transitions to and from the IB
should be of a radiative nature. This implies that the
electron energy states forming the IB cannot come about
from an arbitrary collection of impurity levels
introducing energy levels more or less in the middle of
the semiconductor bandgap. Instead, we argue that they
should arise from a system that, as in ordinary
semiconductors, preserves translational symmetry [3].
This is implicit in the word “band”.

Some other hypotheses complete the description of
the ideal device and have been reviewed in detail
elsewhere [4,5,6], together with other intermediate band
related concepts. Although some of these hypotheses will
be re-introduced for discussion purposes, it is not the
objective of this paper to list them all.

The optimum device for operation at maximum
concentration is found to be one in which E;=0.71 eV
and E;=124 (Es=1.95 eV) leading to a limiting
efficiency of 63.2 % [1,2].

During the past three years, the IB concept has been
researched within the framework of the MIBCELL
project, supported by the European Commission. The
partners involved can be found in the organisation list in
the heading of this paper.

The ambitious overall objective of the project was to
put this concept into practice and thus approach a long
term goal of electricity produced by a cell at a cost of
less than 0.5€/Wp. Within this framework, research
carried out has fallen into one of the following
categories: I) research into identifying intermediate band
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materials and to predict their properties; II) research into
showing experimentally the operating principles of the
intermediate band solar cell; III) research into early low
cost approaches to implement the concept and IV)
research into improving our understanding of the
operation of the IBSC.

2 IDENTIFICATION OF INTERMEDIATE BAND
MATERIALS

By means of direct energy band calculations, this
approach has pursued the early identification of
intermediate band material candidates. The research in
this respect has been successful and several potential
material systems have been identified. They are Ga,X;M
compounds with X=As or P with M being a transition
metal. The energy band diagram of one of these materials
is shown in Fig. 2a. It was calculated by means of the
density functional theory (DFT) using both the local
density (LDA) and the semi-local generalized gradient
approximation correction (GGA). To asses the results
and correct the band-gap problem of the LDA and GGA
approximations, the exact exchange method (EXX) [7,8]
was also applied.
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Fig. 2. (a) Band-gap diagram of one IB band material
candidates (GasP;Ti), calculated using the DFT-GGA
(solid lines) and the EEX (dashed lines) methods for the
exchange potential. Continuous line at 0 eV represents the
Fermi level showing the IB is half-filled with electrons.
(b) Partial absorption coefficients for the Ga,P;Ti system
[12].

Results of the calculations, using a double zeta plus
polarization basis set, show both direct and indirect band
gaps. From this knowledge of the band energy diagrams,
it has also been possible to calculate some material
parameters such as the density of states [9], the phonon
spectra [10], and the direct transition matrix elements
[11].

The value of the optical absorption coefficients of
the proposed metallic intermediate band materials has
also been explored [12]. In this respect, Fig. 2b shows the
contribution to the total absorption coefficient obtained
when only the upper band (that is, the upper line of the
set of lines that form the total valence band set), the
lower band of the conduction band and all the bands in
the intermediate band are considered.

Further details of the calculation methods used and
results obtained using this approach can be found in
[13,14].

Results indicate that from the perspective of solid
state theory, metallic intermediate band materials can
exist. However, the practical synthesis of the materials
here identified still remains a challenge.

3 THE QUANTUM DOT APPROACH

The manufacture of quantum dots was chosen as the
strategy for an early implementation of a physical system
in which the basic operating principles of the IBSC could
be tested [15]. Within this approach, the IB would come
about from the energy of the confined electrons in the
dots (Fig. 3). “Quantum dots” are preferred to other low
dimensional structures, such as quantum wells, because
in the latter, optical transitions that in theory should lead
to the absorption of a photon like Av; (Fig. 1) are
forbidden for front illumination [16,17]. Besides, with
QDs, the density of states between the intermediate level
and the conduction band is truly zero. The phonon
bottleneck effect [18] can assist in preventing non-
radiative recombination between the CB and the IB.

Some reviews of the IB concept can be found in
[19,20,21].

As a result of its mature technology, the InAs/GaAs
system was chosen as the one for implementing this
approach. It was expected to engineer the IBSC with
bandgap values E;20.3 eV and Es;=1.4 eV with this
system. As can be seen from the data in the introduction,
these values are far from the optimum ones. Hence the
use of the InAs/GaAs system was conceived from the
beginning as a means of studying experimentally and to
prove the principles of operation of the MIBCELL
eventually and not as the means of achieving high
efficiencies. Furthermore, it was also believed that the
QDs, if located randomly, could not possibly lead to an
IB with the desired properties but they should also be
arranged in a periodical pattern.

QD-InAs/GaAs solar cells were produced using
molecular beam epitaxy (MBE) in the Stranski-
Krastanov [22] growth method by the University of
Glasgow and Compound Semiconductor Technologies.
The internal layer structure of the cells is shown in Fig.
4. Fig. 5 shows an atomic force microscope (AFM)
picture of a single QD layer in a test sample. The density
of dots in the cells is within the range of 4x10'® cm™ and
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dot dimensions are of the order 5-6 nm high with base
lengths of 25-30nm. The &~doping layer appearing in the
structure, in between two adjacent QD layers, was
introduced in order to supply an electron to the IB and, in
this way, half-filling it [23]. As mentioned in the
introduction, half-filling the IB with electrons is expected
to be a necessary condition for obtaining a strong
absorption coefficient for transitions from the IB to the
CB. A study of the effect of strain on the band-gap
structure of the cells can be found in [24]. The role of the
space-charge regions that appear next to junctions has
been discussed in [25].
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Fig. 3. (a) Artistic representation of a QD-IBSC (b)
Simplified energy band diagram to illustrate the
formation of the intermediate band from the confined
electron energy states in the dots [19].

Concerning the experimental results obtained, Fig. 6
illustrates the current-voltage characteristic of one QD
sample as compared with a GaAs reference sample. The
structure of this reference sample is identical to the one
illustrated in Fig. 4 but without the QD and &~doping
layers.

A strong demonstration of the principles of
operation of the IBSC would have required a systematic
excess of efficiency of the QD samples when compared
with the GaAs references. In this regard, we have not
succeeded in providing such proof as shown clearly in
Fig. 6. In reality, significant enhancement of the
efficiency was not expected because the 1000 A thick
QD region, where the intermediate band absorption
occurs, is too thin for substantial sub-gap light
absorption.

However, a poorer efficiency does not necessarily
imply that the operating principles of the IBSC are not
present. The complexity of the QD structure could cause
the presence of undesirable effects that would mask these
principles. To illustrate our conclusions here, we show in
Fig. 7 the normalised quantum efficiency of the QD and
reference GaAs solar cell and, in Fig. 8, the
electroluminescence (spectrum of the light emitted when
the cell is forward biased) for both samples.

Metalization
grid

Window layer + ARC

e 18 3
107 em™; 300 nm
8- doping layer . A A A A4 un-GaAs spacer: 50 A

3-Si: 4x10' cm™

U;(I;AS ggsA - s . . . _ - - : 10x ¢ un-GaAs spacer: 50 A
ope d},—‘—‘—A—A— Dots: 4x10'°cm™
Wetting layer 1 -base 5x10"7 em™; 300 nm
Rear Substrate (1" GaAs)
Metalization

Fig. 4. Internal structure of the QD-IBSCs produced.
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Fig. 6. Current voltage characteristic of a QD-IBSC and
a GaAs reference cell [26].

Fig. 7 shows the production of photocurrent from
sub-bandgap energy photons. However, it must be
emphasised that this result, if not accompanied by
voltage preservation, will be useless for photovoltaic
applications.

As mentioned in the introduction, the preservation of
the voltage requires the existence of three separated
quasi-Fermi levels. In this respect, we have formulated in
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[26] an equivalent circuit for the IBSC (Fig. 9). In this
circuit, diodes are related to recombination processes,
independent current generators to photogenerated
currents and dependent current generators (elements
involving a factor /) to photon recycling processes.
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Fig. 7. Normalised quantum efficiency of a QD-IBSC

and a GaAs reference cell [26].
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Fig. 8. Electroluminescence spectra of a QD-IBSC and a
reference GaAs cell [26].
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Fig. 9. Equivalent circuit of the QD-IBSC [26].

By multiple fitting the circuit parameters to the
experimental results, particularly to those involving the
luminescent spectra (Fig. 8) it was found that the diode
D¢y appeared biased with about 70 mV. This biasing also
represented the quasi-Fermi level split between & and
& and was necessary to explain the relatively intense
height of the peak (1). This result was considered as
indicative of the fulfilment of the second of the operating
principles of the IBSC. An enhancement of this split
should result from manufacturing QD heterostructures
leading to a higher value of the band-gap £;.

4 LOW COST APPROACHES

Low cost approaches have been researched at the
Hahn Meitner Institute by means of the formation of QDs
within a nanoporous material.

The nanoporous material chosen, which also plays
the role of n contact, was TiO,. QDs were formed by
filling the nanocavities in this material with PbS (Fig.
10). At an early stage of the research, the lack of a
suitable solid state p contact forced the use of an
electrolyte. In terms of MIBCELL operation, the
resulting system was believed to have a total band-gap,
Eg, of approximately 3.2 eV and 1.85 eV for one of the
small band-gaps. When CH;0H was used as an
electrolyte, it formed small amounts of HCOOH as result
of a photo-catalysis process when the samples were
illuminated with below band-gap energy photons. Since
the HCOOH formation from CH3;0H requires a higher
energy than the one supplied by an individual photon, the
formation of HCOOH was taken as indicative of the
concurrence of a two photon process in the system [27].

In a second stage of the research, a solid state p type
contact was formed by depositing a layer of
PEDOT:PSS. Metal contacts were made using Au for
contacting on PEDOT and SnO, for contacting on TiO,.
However, no photovoltaic behaviour was observed.
Suspecting the problem might lay in an excessive
recombination in the PbO,—TiO, interface, an In(OH)xSy
layer was introduced between (Fig. 11). Photovoltaic
behavior was then observed which was enhanced by the
manufacturing of several TiO,-In(OH),S,-PbO, layers
(Fig. 12).

Since the band-gap of the In(OH)xSy-PbS is 2.4 eV
and the band-gap of PbS is 0.41 eV, the detection of
photovoltage for an intermediate value (1 and 1.8 eV) is
interpreted as indicative of quantum dot formation.
However, no particular evidence of involvement of the
specific MIBCELL principles of operation was detected.

Fig. 10. Detail of the filling of TiO, nano-cavities with
PbS leading to the formation of QDs
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Fig. 11. (a) Structure of the nanoporous approach with
solid state p contact. (b) TEM micrograph of a
In(OH)xSy-PbS  structure [courtesy of Dr. LSieber

(BAM) Berlin].
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Fig. 12. Photovoltage as a function of the photon energy
(measured with a Xe-lamp) as the number of (InOH/PbS)
layers increases.

5 ADVANCES IN THE THEORY OF THE
INTERMEDIATE BAND SOLAR CELL

In parallel to the experimental research, the theory
of the intermediate band solar cell has been revisited
regularly during the course of the project, both to include
effects not previously considered, as well as approaching
them from a different perspective.

In this respect, in [28,29] we have established the
thermodynamic consistency of the IBSC concept. In [30]
we have analysed the effect of Auger recombination and
impact ionisation processes on the performance of the
cell (Fig. 13). In [31] we have reformulated the
fundamentals of the theory so that the effect of overlap

between absorption coefficients can be taken into
account. In [32], we have discussed particular aspects of
the implementation of the IBSC concept by means of
type II heterostructures. In [33] we have developed a
“quasi-drift” diffusion model for the IBSC, useful for
studying the case in which the quasi-Fermi levels are not
constant within the device.
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Fig. 13. Dependence of the efficiency of an IBSC
assisted by an Auger mechanism with the solar spectrum
(represented for different temperatures of the Sun)
Comparison with a tandem of two solar cells [30].

6 CONCLUSIONS

“MIBCELL” has resulted in a better understanding
of the fundamentals of photovoltaic conversion through
an intermediate band and has allowed purely theoretical
considerations to be explored through the production and
characterisation of the first prototypes.

The work has lead to the refinement of the
computational techniques suitable for an early
identification of intermediate band material candidates.
Remarkably, outside the MIBCELL consortium, Yu et a/
have recently synthesised materials based on diluted II-
VI oxide semiconductors that exhibit an intermediate
band [34].

First MIBCELL prototypes have been manufactured
using quantum dot technology and two different
approaches. In the first one, MBE has been used to
produce InAs QDs in GaAs. The devices made exhibited
the production of photocurrent when illuminated with
below  band-gap energy photons and their
electroluminescence spectra have been best explained by
the appearance of three quasi-Fermi levels. These are the
two working hypotheses that sustained the operating
principles of the IBSC.

In the second approach, aimed specifically at low
cost, PbS QDs were manufactured by filling the nano-
cavities produced in TiO,. Although it has not been
possible to show experimental evidence for the operation
of these devices under the operating principles of the
IBSC, they have exhibited photovoltaic behaviour and
have opened the way for research into a new PV material
system.



Presented at the 19th European Photovoltaic Solar Energy Conference and Exhibition. 7-11 June 2004, Paris, France

Acknowledgements

This work has been supported by the European
Commission under Contract ENK6 CT200 00310.
Research on InAs/GaAs QDs has also been partially
funded by the project FULLSPECTRUM (Ref. N: SES6-
CT-2003-502620). L. Cuadra is indebted to the Spanish
Comunidad de Madrid for its financial support. N. Lépez
is indebted to the Universidad Politécnica de Madrid for
her financial support. P. Palacios acknowledges his FPI
grant from the Spanish Ministry of Science and
Technology. The authors wish to thank Mr.
J.L.Balenzategui (CIEMAT) the measuring of the
quantum efficiency of the cells.

7 REFERENCES

[1] A.Luque and A.Marti, Physical Review Letters V.78,
N.26 p.5014-5017 (1997).

[2] A.Luque and A.Marti, Prog. in Phot.,, Res. and
Applications, V.9. N.2, pp. 73-86, (2001).

[3] A. Marti, L. Cuadra, N. Loépez, and A. Luque,
“Intermediate band solar cells: comparison with
Shockley-Read-Hall recombination”, Semiconductors
(2004), to be published.

[4] L. Cuadra, A. Marti, N. Lopez and A. Luque, 3rd
World Conference on Photovoltaic solar Energy
Conversion, Osaka, Japan (2004).

[5] L. Cuadra, A. Marti and A. Luque, “Intermediate
band solar cell concepts”, in “3rd Workshop on The Path
to Ultra High Efficient Photovoltaics”, (2004). (To
appear published).

[6] L. Cuadra, A. Marti and A. Luque, “Present status of
intermediate band solar cell research”, pp. 593-598
(2004),

[7] P. Wahnon, C. Tablero, Phys. Rev. B 65 (2002)
165115.

[8]J. J. Fernandez, C. Tablero and P. Wahnén, Computer
Material Science, (28):pp. 274-286 (2003).

[9] C. Tablero and P. Wahnoén, Appl. Phys. Lett, pp.
151-153 (2003).

[10] P. Palacios, P. Wahnon, C. Tablero and J.J.
Fernandez, Proc. of the PV in Europe from PV
technology to energy solutions conference and
exhibition, Rome 2002, pp. 91-94, ISBN: 3-936338-12-
4.

[11] C. Tablero, A. Garcia, J. J. Fernandez, P. Palacios
and P. Wahnon, Comput. Material Science, 27, pp. 58-64
(2003).

[12] C. Tablero, A. Garcia, J. J. Fernandez, P. Palacios
and P. Wahnon, Comput. Material Science, 27, pp. 58-64
(2003).

[13]1J. C. Conesa, C. Tablero and P. Wahnoén, J. Chem.
Phys. (2004), 120: pp 6142-6151.

[14] J. J. Fernandez, C. Tablero and P. Wahnon, Inter. J.
Quantum Chem., 91:pp. 157-164 (2003).

[15] A. Marti, L. Cuadra and A. Luque, Proc. of the 28th
IEEE Photovoltaics Specialists Conference, pp. 940-943
(IEEE, New York, 2000).

[16] J. P. Loehr and M. O. Manasreh,
SEMICONDUCTOR QUANTUM WELLS AND
SUPERLATTICES FOR  LONG-WAVELENGTH
INFRARED DETECTORS (Artech House,
Boston,2000).

[17] P. Harrison, Quantum Wells wires and dots (John
Wiley and Sons, New York, 2000).

[18] L.Cuadra, A.Marti, N. Lopez and A.Luque, “phono
Bottleneck and Photon Absorption in Self-ordered
Quantum Dot Intermediate Band Solar Cells” in the Proc.
of this Conference.

[19] A. Marti, L. Cuadra and A. Luque, NEXT
GENERATION PHOTOVOLTAICS: High Efficiency
through Full Spectrum Utilization (A.Marti and A.Luque,
Eds.), chapter 7, Series in Optics and Optoelectronics
(Institute of Physics Publishing, Bristol, 2003).

[20] A. Marti, L. Cuadra and A. Luque, Physica E, 14:pp.
150-157 (2002).

[21] L. Cuadra, A. Marti and A. Luque, “Advances in
quantum dot intermediate band solar cells”,
Microelectronics Journal (2004), (To appear published)
[22] M. Sugawara, “SELF-ASSEMBLED InGaAs/GaAs
QUANTUM DOTS”, volume 60 of Semiconductors and
Semimetals (Academic Press, London, 1999).

[23] A. Marti, L. Cuadra and A. Luque, IEEE Trans.
Elec. Dev., 48(10):pp. 2394— 2399 (2001).

[24] L. Cuadra, A. Marti, A. Luque, C. R. Stanley and A.
McKee, in Proc. of the 17th European Photovoltaic Solar
Energy Conference, pp. 98-101 (WIP Renewable
Energies and ETA, Munich, Florence, 2001).

[25] A. Marti, L. Cuadra and A. Luque, in “Proc. of the
199th Electrochemical Society Meeting”, pp. 46—60 (The
Electrochemical Society, Pennington, 2001).

[26] A. Luque, A.Marti, C.Stanley, N.Lopez, L.Cuadra,
D.Zhou, J.L.Pearson, A.McKee, "General equivalent
circuit for Intermediate Band devices: potentials, currents
and electroluminescence" To be published in Journal of
Applied Physics, July 2004.

[27] A. Luque, A. Marti, P.Wahnoén, L. Cuadra, C.
Tablero, C. Stanley, A. Mc-Kee, D. Zhou, R.
Konenkamp, R. Bayon, A. Belaidi, J. Alonso, J. Ruiz, J.
Fernandez, P. Palacios and N. Lopez, Proc. of the 29th
IEEE Photovoltaics Specialists Conference, pp. 1190-
1193 (2003).

[28] A. Luque, A. Marti and L. Cuadra, IEEE Trans.
Elec. Dev., 48(9):pp. 2118-2124 (2001).

[29] A. Luque, A. Marti and L. Cuadra, Physica E, 14
(2002).

[30] A. Luque, A. Marti and L.Cuadra, IEEE Trans. Elec.
Dev., 50(2):pp. 447-454 (2003).

[31] L. Cuadra, A. Marti and A. Luque, “Influence of the
overlap between the absorption coefficients on the
efficiency of the intermediate band solar cell”, IEEE
Trans. Elec. Dev. (2004) To be published.

[32] L. Cuadra, A. Marti and A. Luque, Physica E, 14:pp.
162-165 (2002).

[33] A. Marti, L. Cuadra and A. Luque, IEEE Trans.
Elec. Dev., 49(9):pp. 1632—-1639 (2002).

[34] K. M. Yu, W. Walukiewicz, J. Wu, W. Shan, J. W.
Beeman, M. A. Scarpulla, D. Dubon and P. Becla,
Physical Review Letters, 91(24):pp. 24603—1-24603—4
(2003).




<<
  /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 [612.000 792.000]
>> setpagedevice


