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Photovoltaic properties and photoconductivity in multilayer
Ge/Si heterostructures with Ge nanoislands

V. Kondratenko - O. V. Vakulenko * Yu. N. Kozyrev -

S. V.
M. Yu. Rubezhanska - A. G. Naumovets - A. S. Nikolenko -
V.S.

Lysenko - V. V. Strelchuk - C. Teichert

Received: 18 October 2010/ Accepted: 4 April 2011 /Published online: 12 April 2011

© Springer Science+Business Media, LLC 2011

Abstract Interband optical transitions in multilayer het-
erostructures with SiGe nanoislands were investigated
using photocurrent spectroscopy and photo-emf. The
n-p heterostructures containing Ge nanoislands in the area
of the potential barrier were prepared by molecular-beam
epitaxy at the temperature about 500 °C. It was shown that
electron transitions from the ground state of the valence
band in a nanoislands to the conduction band of Si sur-
rounding made the main contribution into the vertical
photo-emf in the range 0.75-1.05 eV, which is below the
interband absorption edge of Si. The lateral photoconduc-
tivity observed in the range 0.63-0.8 eV at 77 K can be
attributed to indirect interband transitions from the ground
state of a nanoisland to L-state of the conduction band of a
nanoisland. Analysis of Raman scattering spectra revealed
that the Ge composition x in a nanoisland is about 0.87,
while elastic deformation value amounts to ¢, = —0.016.
The calculated energies of interband transitions from the
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ground state of a nanoisland to the conduction band of Si
surrounding (0.63 eV) and to L-state of the conduction
band of a nanoisland (0.81 eV) fit the experimental data
with a rather good accuracy.

Introduction

Low-dimensional Ge/Si heterostructures show unique
optical and electrical properties due to discrete energy
spectrum of hole states of the valence band of SiGe nano-
island. Optical properties of multilayer Ge/Si heterostruc-
tures with SiGe nanoislands were mainly investigated using
such methods as photoluminescence [1], optical absorption
[2], Raman scattering [3], and photoconductivity [4]. In-
traband transitions between the localized states in nanois-
lands in the spectral range below the c-Ge absorption edge
are used for constructing of photodetectors with quantum
dots [5] and laser heterostructures. There is another type of
optical transitions possible in the II type heterostructures:
interband transitions between the valence band states of the
quantum dots and conduction band states of Si surrounding.
Such transitions can be used for broadening of the spectral
range of photodetector sensitivity [6], efficiency increase of
solar elements [7], as well as optical recording and infor-
mation read-out in memory cells [8]. The key factor in
understanding of photoelectrical and optical properties of
Ge/Si low-dimensional heterostructures is an influence of
real values of Ge quantum dot composition and elastic
deformation on electron spectra of such a system and
nonequilibrium carrier transport in it.

The spectra of lateral and vertical photoconductivity
(photo-emf) in multilayer Ge quantum dot structures pre-
pared by molecular-beam epitaxy were investigated in this
paper. The photoconductivity spectrum shape was attributed
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to interband transitions of electrons between hole states of
the quantum dot valence band and the conduction band of Si
surrounding. The energy-band diagram of Ge/Si hetero-
junction was also calculated taking into account the real
values of the quantum dot composition and elastic defor-
mation obtained from Raman scattering spectra.

Experimental technique

Multilayer Ge/Si  heterostructures were prepared by
molecular-beam epitaxy on p-type Si (100) substrates,
doped by B, with resistivity 7.5 Qcm. First, Si buffer layer
of the thickness about 100 nm with B doping (10'® cm™>)
was grown on the substrate. The same B doping concen-
tration was in the substrate. Then SiGe nanoisland layers
were grown at temperature 500 °C. The deposition rates
were about 1.0 and 0.6 nm/min for Si and Ge, corre-
spondingly. The Si spacer has been grown on SiGe nano-
island layers until the high resolution Si(100)2 x 1
RHEED pattern was observed that is typical for the flat
surface of Si. The period of the structure containing SiGe
nanoisland layers and Si spacer was equal 5. The last SiGe
nanoisland layer was covered with Si of the thickness
20 nm doped with Sb of the concentration 10" cm™.
Thus, n-p structures with SiGe nanoislands in the potential
barrier area were grown. The scheme of such multilayer
heterostructure is given in Fig. 1.

To investigate lateral photoconductivity of SiGe multi-
layer structures, two Au ohmic contacts with 1 mm in
diameter and placed 5 mm apart were melted into the
epitaxial layers at the temperature 7 = 370 °C (Fig. 1a).
The current—voltage dependencies of all the investigated
structures were linear in the voltage range from U = —50
to 450 V at the temperatures range from 77 to 290 K.

Vertical photoconductivity and photo-emf spectra of
barrier structures were investigated using a non-transparent
Au contact from the Si substrate side and a half-transparent
conducting Au contact of the thickness about 30 nm from
the side of the upper layer Si (Fig. 1b). The current—voltage

Fig. 1 3x3 pm® AFM image of (a)
Ge islands of uncaptured Si-Ge {5
structures (a); Scheme of
multilayer Ge/Si heterostructure
for measurement of the lateral
photoconductivity (b) and
vertical photoconductivity and
photo-emf (c)
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dependencies of the vertical structures appeared to be
rectified that can be explained by the presence of a
potential barrier of n-p heterojunction.

Atomic force microscopy (AFM) measurements of
control structure not covered by Si were carried out using
NT-MDT Ntegra microscope and Si cantilevers with a tip
radius ~ 10 nm. It was found out that the average height of
SiGe nanoislands was 2 nm, lateral size 24 nm, size dis-
persion ~20%. The surface density of nanoislands was
found to be 10'® cm™2 Scare dome islands with height
about 12 nm, base diameter ~70 nm, and surface density
~10% cm ™ are observed at once.

The photocurrent and photo-emf were measured in the
range 0.6-2.0 eV using a standard lock-in amplification
technique. The modulation frequency of the exciting irra-
diation was 30 Hz. The intrinsic spectral dependence of the
experimental setup was eliminated by means of a pyro-
electric optical detector.

Micro Raman scattering spectra of the investigated
structures were recorded at room temperature using auto-
mated Raman diffraction spectrometer T-64000 Horiba
Jobin—Yvon equipped with CCD detector. The line 488 nm
of Ar—Kr laser of 3 mW was used for excitation. Raman
spectra were measured for the geometry z(x,y) — x, where
axes x, y, z correspond to [100], [010], and [001] crystal-
lographic directions, correspondingly. A long-focus lens
Olympus, 50X, NA = 0 was used to focus the irradiation.
Such geometry was chosen, since it is allowed for LO
phonon scattering in Ge and Si and forbidden for two-
phonon scattering of TA phonons in the Si substrate. This
makes it possible to avoid difficulties in Raman spectra
interpretation [9, 10].

Results and their discussion

Raman scattering

Composition and values of elastic strains in investigated
Ge/Si  heterostructures were estimated using Raman

(b) (c)
30 nm Au
Au contact ‘ semitransparent
n-Si n-Si
5 periods 5 periods
. . . A . ‘L .
Si spacer Si spacer
. . . " .
Si buffer Si buffer
L0 p-Sisubstrate B 4 p-Sisubstrate L
R
Au contact
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spectroscopy. Typical Raman spectrum of Ge/Si hetero-
structure containing five layers of SiGe nanoislands is
given in Fig. 2. It contains phonon bands corresponding to
Ge-Ge, Si-Ge, and Si-Si vibrations, which is typical for
SiGe heterostructures with nanoislands [11, 12]. Special
feature of the observed Raman spectra is the doublet band
behavior, that is particularly prominent for Ge-Ge and
Si—Ge modes, which can be approximated by two Lorentz
lines with maxima at 298.2 and 304.7 cm™" for Ge-Ge, as
well as 404.4 and 419.5 cm™" for Si-Ge bands. This fact
testifies the presence of two types of Si;_,Ge, solid solu-
tions with different composition and (or) elastic strains in
studied structures. In case of SiGe heterostructures with
nanoislands, this phenomenon can be generally attributed
to nonuniform island structure [24] or their bimodal size
and shape distributions [11-15]. Rather high growth tem-
perature of the investigated structures (500 °C) allows
excluding first possibility due to strong interdiffusion
processes observed in such heterostructures [24]. Another
possible reason of the doublet band behavior could be
scattering in WL or Si/Ge interface, but the contribution of
these regions to Raman spectra was shown to be negligible
and reflects only in line broadening. From AFM measure-
ments (Fig. 1a) investigated, nanoislands were shown to
have bimodal size distribution with small hut-clusters
(average height about 2 nm) and dome-shaped islands
(average height about 20 nm). Taking this fact into account
we consider observed doublet behavior of the phonon
bands as related with contribution of different types of
SiGe nanoislands.

For strained Si;_,Ge,, solid solution of nanoislands
frequency positions of Si—Ge and Ge-Ge modes could be
described as follows [11-15]:

Wsi_Ge = 400 + 29x — 95x% + 213x> — 170x* — béy,,
(1)
DGe—Ge = 282.5 + 16x — byeyy, (2)

where b, is phonon deformation potential. It was shown
recently [16] that the concentration dependence of the
phonon deformation potential can be well approximated by
the following relation:

by = by(x — 1)* + by, (3)

where b, = —190 cm ™!, by amount to —460 and
—555 cm™! for Ge-Ge and Si-Ge phonon bands, corre-
spondingly. Using frequency positions of Ge—Ge and Si—Ge
phonon bands and relations (1-3), we determined compo-
sition and values of elastic strains for each type of Si;_,Ge,
nanoislands. Thus, Ge mole fraction and elastic strains in
the small-sized nanoislands were found to be x = 0.87 and,
& = —0.016, correspondingly. For the dome-shaped
nanoislands, these values were x = 0.46 and ¢, = —0.023.
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Fig. 2 Raman spectrum for 5-period Ge/Si heterostructure with SiGe
nanoislands. The Raman spectrum for Si substrate of the investigated
structure is given with a dashed line. The geometry of the experiment
2(6,Y)—Z. Aexe. = 488.0 nm, T = 300 K

Vertical photo-emf in multilayer Ge/Si heterostructures
with Ge nanoislands

The spectral dependence of vertical photo-emf in multi-
layer Ge/Si heterostructure with SiGe nanoislands is given
in Fig. 3. The minimal quanta energy, for which photo-emf
generation was observed, amounted to 0.75 eV. The signal
in the range 0.75-1.05 eV, where c-Si is transparent, is
attributed to interband optical transitions involving the
stated in the nanoislands (transition A in Fig. 6). The
photo-emf signal was not observed for a similar structure
without the quantum dots. The main contribution to verti-
cal photo-emf and photocurrent signals with threshold
energy of 0.75 eV gives carriers photoexcited in frequent
nanoislands with 2 nm in height. Small contribution of
scare dome Sig s54Ge 46 iSlands should be expected in the
range hv > 0.9 eV [18].

Photo-emf generation in the considered structure can be
attributed to separation of nonequilibrium electron-hole
pairs by the electric field in the space charge area of
n-p heterojunction. The holes photogenerated in Si are
shifted in the substrate direction, while electrons are shifted
in the direction of the irradiated surface. These photo-
electrons are free at interband transitions, while the holes
are localized in the valence band of the nanoislands. The
electron transport in the structure direction at the moment,
when the holes are charged positively, creates a photo-emf
signal with the same polarity as the electron—hole pairs
generated in Si had.

The photoconductivity spectra at 290 and 77 K showed
the same peculiarities, as the vertical photo-emf spectra
had. The spectral dependence of vertical photo-emf in the
structure Au/QDs/c-Si/Au at 77 K is given in Fig. 4.
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Fig. 3 Spectral dependence of the vertical photo-emf of Au/QDs/
c-Si/Au structure at 290 K

0,151 B
2 T=77K
= 117 eV
s 0,10-
2
s
= 20 0,051
e 0.8 eV
3 4
§ 0,00 L — it .
e 0,8 1,0
2 10+ Energy (eV)
8
£
(0]
>
0 T T T T T T T 1
0,4 0,8 1,2 1,6 2,0

Energy (eV)

Fig. 4 Spectral dependence of the vertical photoconductivity for
Au/QDs/c-Si/Au structure at 77 K

Interband transitions in the nanoislands give the photo-
current signal in the range 0.8-1.17 eV.

Lateral photoconductivity

A band bending of the conduction band exists in Si near the
nanoislands, in which a spatial quantization level for
electrons appears [17]. The influence of this level on
optical and photoelectrical properties of n-p heterostruc-
tures with SiGe nanoislands was investigated in detail in
the papers [18, 19]. Electron transitions from a conduction
band level in Si surrounding to a valence band state in SiGe
nanoislands contribute to the photoluminescence spectra
in the range 0.6-0.9 eV depending on composition, size,
and elastic deformation of the nanoclusters [20, 21]. The
method of lateral photoconductivity made it possible
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Fig. 5 Spectral dependence of the lateral photoconductivity for Ge/Si
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Fig. 6 Energy-band diagram of Ge/Si heterojunction with Ge
nanoislands

to obtain detailed information about interband optical tran-
sitions in multilayer Ge/Si heterostructures with SiGe
nanoislands. Earlier this method was applied for investiga-
tion of electron state spectra in similar heterostructures [22].

The electron—hole pairs generated by optical transitions
between hole states in the nanoislands and the conduction
band states in Si surrounding contribute to the lateral
photoconductivity in the range 0.63-0.8 eV (Fig. 5).
Interband transitions between the states in the valence and
conduction bands of SiGe nanoislands become possible
in the rangehv > 0.8 eV. The observed transitions indirect
in the space are marked with the arrow B in Fig. 6. The
absence of their contribution to lateral photoconductivity
and photo-emf spectra can be possibly explained by the
presence of a potential barrier for electrons generated in Si
surrounding of the nanoislands. The carriers generated in
such a way have to overcome the barrier, whose height is
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defined by the conduction band discontinuity of Si;_,Ge,/
Si heterojunction. That is why their contribution to the
photocurrent signal and photo-emf is much smaller com-
pared to the situation observed for the vertical photocon-
ductivity, when nonequilibrium electron transport goes via
intermediate Si layers and wetting layers. In this case a
value of the conduction band discontinuity can be esti-
mated as 0.8—0.63 = 0.17 eV, that fits the calculation
results given above.

Energy-band diagram and energies of optical transitions

Let us analyze the observed spectral dependences of photo-emf
using the calculated energy-band diagram for Ge/Si hetero-
structures with SiGe nanoislands. The data on SiGe nanoisland
composition and values elastic strains in them obtained from
Raman spectra were used for calculation. It should be noted
that the pressure values in the investigated SiGe/Si epitaxial
heterostructures amount to several GPa leading to the electron
spectrum shift for several hundreds meV.

The energies of interband transitions involving the
nanoisland states depend on the values of the band dis-
continuities, composition and elastic strains, as well as an
influence of the quantum confinement of carrier transport
in the valence band of the nanoislands [23].

An average value of the valence band discontinuity
AE? = 0.58 - x [17] gives the best agreement between the
theoretical and experimental data for relaxed Si/Si;_,Ge,
heterojunction.

Using the values of deformations (g,,, ¢,,) obtained from
Raman spectra, one can estimate the value of the valence
band discontinuity at the interfaces considering elastic
deformations [18]:

AE, = AE? +a, - (2- & + ) (3)

where a, is deformation potential for Ge. Thus, the value of
valence band discontinuity of Si;_,Ge,/Si heterojunction
can be approximated by the dependence on mole fraction
x in the following way: AE,(x) = AE, -x [eV] [19].

The presence of biaxial strain in the nanoislands leads to
degeneration lifting of the valence band, under which it is
spitted and the heavy hole band shifts to lower energies
with respect to the light hole band.

The shift values for light and heavy holes with respect to
the average value AEy can be determined taking into
account the Raman scattering data for the investigated
structures in the following way [24]:

1 1 17, 9 . L]'?
AE y = —8 A0+Z 5E+§ A0+A05E+Z(5E)

(4)

1 1
AEuy = — = Ag — = OE
HH 3 0 25 ) (5)

where the value OF in the case of deformation in [001]
direction is J0Fg; = 2a,(&; — &w). The values of spin-
orbital splitting of the valence band Ay, deformation
potential a, and elastic modules c;,, ¢;; for Si;_,Ge, na-
noislands are determined by a linear interpolation of the
data for Si and Ge. As the calculations have shown, the
values of the valence band discontinues for heavy holes
AEy;, and light holes AEj, at 0 K amount to 0.65 and
0.55 eV, respectively.

To estimate the quantum confinement effect, let us con-
sider a nanoisland as a three-dimensional rectangular
potential well with walls of limit height. Doing so, the wall
height will be defined by the calculated above band dis-
continuity values AEy, and AEy, for light and heavy hole
subbands, correspondingly. As far as the heavy hole subband
provides the dominant contribution (~ 85%) to hole states,
let us restrict in the future by considering only the situation
for the heavy hole subband. The effective mass of heavy
holes m§;, was defined as 1/mg;g, = x/mg, + (1 — x)/m§;,
where myg,., mg; are the effective masses of heavy holes for
pure germanium and silicon, that amount to 0.537mg and
0.33my, correspondingly. To estimate the allowed energy
states, we have solved stationary Schrodinger equation for
heavy holes in the potential well given in Fig. 6. Such a
simplified model can be used only for rough estimation of
the ground state in the nanoislands (n = 1). Wave functions
and excitation energies depend on real shape and composi-
tion of the nanoislands much drastically leading to essential
mistakes in energy transition estimation.

The calculated energy of the ground state (111) in the
potential well of a nanoisland amounts to 0.12 eV. Corre-
spondingly, the transition energy from the ground state of
nanoisland to the conduction band of Si surrounding is
0.63 eV. According to our estimations, the threshold
energy of interband transition from the ground state of a
nanoisland to L state of the conduction band of a nanois-
land amounts to 0.81 eV. Thus, a rather good agreement
between the calculations and experimental values of
interband transitions involving the ground state in a
nanoisland were achieved.

Conclusion

Photocurrent and photo-emf signals in the infrared range,
where c-Si is transparent, are caused by interband optical
transitions via localized states of SiGe islands embedded
into n-p potential barrier of multilayer heterostructures. It
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was shown that the electron transitions from the ground
state of the valence band of a nanoisland to the conduction
band of c-Si surrounding make the main contribution to the
vertical photo-emf below the interband absorption edge of
c-Si. The lateral photoconductivity observed in the range
0.63-0.8 eV at 77 K is caused by indirect in-space inter-
band transitions from the ground state of a nanoisland
valence band to L-state of nanoisland conduction band.
Analysis of Raman scattering spectra revealed that the
SiGe composition x in a nanoisland was about 0.87, while
elastic deformation value amounted to &, = —0.016. Scare
dome islands Sij 54Geg 46 cause double-peak features cor-
responding to the Ge-Ge and Si-Ge Raman modes and
give no effect on threshold values of photoconductivity and
photo-emf spectra. The obtained data for x and ¢ were used
for calculation of the energy-band diagram of Ge/Si het-
erojunction and hole state spectrum of nanoislands. The
calculated threshold energies of interband transitions from
ground state of nanoisland to conduction band of Si sur-
rounding (0.63 eV) and to L-state of the nanoisland con-
duction band (0.81 eV) fit the experimental data with a
rather good accuracy.

Acknowledgements The research was implemented within the
bilateral OAD Project UA No 2009/08 and supported by the program
of fundamental research of the National Academy of Sciences of
Ukraine “Nanostructured systems, nanomaterials, nanotechnologies”
through the Project No9/07 and by the Ministry of Education and
Science of Ukraine through Project NoM/34-09.

References

1. Kamenev BV, Lee EK, Chang HY, Han H, Grebel H, Tsybeskov
L, Kamins TI (2006) Appl Phys Lett 89:153106

2. Ramos LE, Furthmiiller J, Bechstedt F (2005) Phys Rev B
72:045351

3. Gatskevich EI, Ivlev GD, Volodin VA, Dvurechenskii AV,
Efremov MD, Nikiforov Al, Yakimov AI (2007) Proc SPIE 6728:
67281U

@ Springer

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

. Lee SW, Park CJ, Kang TW, Cho HY, Hirakawa K (2005) Proc

SPIE 5726:146

. Colace L, Masini G, Assanto G, Luan HC, Kimerling LK (2006)

ECS Trans 3:85

. Yakimov Al, Dvurechenskii AV, Nikiforov Al, Proskuryakov

YY (2001) J Appl Phys 89:5676

. Alguno A, Usami N, Ujihara T, Fujiwara K, Sazaki G, Nakajima

K, Shiraki Y (2003) Appl Phys Lett 83:1258

. Bagraev NT, Bouravleuv AD, Klyachkin LE, Malyarenko AM,

Rykov SA (2001) Proc SPIE 4348:125

. Kolobov AV (2000) J Appl Phys 87:2926
. Baranov AV, Fedorov AV, Perova TS (2006) Phys Rev B

73:075322

Reparaz JS, Bernardi A, Goni AR, Alonso MI, Garriga M (2009)
Phys Stat Sol B 56:1

Bernardi A, Alonso MI, Reparaz JS, Goni AR, Lacharmoise PD,
Osso JO, Garriga M (2007) Nanotechnology 18:475401
Dvurechenskii AV, Smagina ZV, Zinoviev VA, Armbrister VA,
Volodin VA, Efremov MD (2004) ZhETF Lett 79:411

Tan PH, Brunner K, Bougeard D, Abstreiter G (2003) Phys Rev B
68:125302

Alonso MI, de la Calle M, Osso JO (2005) J Appl Phys 98:
033530

Reparaz JS, Bernardi A, Goni AR (2008) Appl Phys Lett 92:
081909

Van de Walle CG (1989) Phys Rev B 39:1871

Kasper E (2000) Properties of silicon germanium and SiGe:
carbon. INSPEC, London

Valakh MY, Yukhymchuk VO, Nikolenko AS (2007) Semicond
Sci Technol 22:326

Kondratenko SV, Vakulenko OV, Kozyrev YN, Rubezhanska
MY, Nikolenko AS, Golovinskiy SL (2007) Surf Sci 601:1L45
Kondratenko SV, Vakulenko OV, Kozyrev YN, Rubezhanska
MY, Nikolenko AS, Golovinskiy SL (2007) Nanotechnology 18:
185401

Talochkin AB, Chistokhin IB, Markov VA (2009) Nanotech-
nology 20:175401

Kozyrev YN, Kondratenko SV, Rubezhanska MY, Lysenko VS,
Teichert C, Hofer C (2010) In: Shpak AP, Gorbyk PP (eds)
Nanomaterials and supramolecular structures-physics chemistry
and applications. Springer, Berlin, p 235. ISBN 978-90-481-
2308-7

Valakh MY, Yukhymchuk V, Dzhagan VM, Lytvyn OS,
Milekhin AG, Nikiforov Al, Pchelyakov OP, Alsina F, Pascual J
(2005) Nanotechnology 16:1464



	Photovoltaic properties and photoconductivity in multilayer Ge/Si heterostructures with Ge nanoislands
	Abstract
	Introduction
	Experimental technique
	Results and their discussion
	Raman scattering
	Vertical photo-emf in multilayer Ge/Si heterostructures with Ge nanoislands
	Lateral photoconductivity
	Energy-band diagram and energies of optical transitions

	Conclusion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /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
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /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
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /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 (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


