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Combining Photon Recycling and Concentrated
Illumination in a GaAs Heterojunction Solar Cell

Claudia Lisa Schilling , Oliver Höhn, Daniel Neves Micha , Stefan Heckelmann, Vera Klinger, Eduard Oliva,
Stefan W. Glunz , Senior Member, IEEE, and Frank Dimroth , Member, IEEE

Abstract—GaAs single-junction solar cells with rear-side-
reflective structures have been developed aiming for an increase
in open-circuit voltage Voc by the combination of photon recycling
and concentrated illumination of sunlight. Photon recycling gains
importance with increasing sunlight concentration as the materi-
als are increasingly dominated by radiative recombination. At the
same time, resistive losses because of current transport must be ad-
dressed and minimized to achieve high performances. We report
here on the development of a GaAs heterojunction solar cell which
was optimized for operation under concentrated sunlight. An ef-
ficiency of 28.8% is achieved at 182 suns concentration, showing
a Voc of 1230 mV. This is an increase of 28 mV compared with
a cell without a highly reflective back mirror. The results confirm
the theoretically predicted positive effect of photon recycling under
high concentration levels.

Index Terms—Concentrator photovoltaics, GaAs heterojunction
solar cell, photon recycling, reflector.

I. INTRODUCTION

THE highest AM1.5 conversion efficiency of single-
junction solar cells is reached with a GaAs absorber [1].

This is because of the nearly optimum bandgap energy for con-
verting the different photon energies in the AM1.5 spectrum [2].
Furthermore, GaAs is a direct semiconductor with high internal
luminescence efficiency. In other words, good GaAs structures
are limited by radiative recombination already for incident in-
tensities of 1000 W/m2 or 1 sun [3]. Such solar cell devices
benefit from photon recycling which has been widely discussed
in the literature [4]–[8]. It has been found more recently that
an important feature to maximize internal photon recycling is
a rear-side reflector [4], [9], similar to what is used in modern
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light-emitting diodes (LEDs). This mirror reflects emitted pho-
tons back into the absorber layer and increases the probability
of photon recycling. As a result, the open-circuit voltage Voc
is found to increase substantially for devices which incorpo-
rate efficient photon confinement and avoid parasitic absorption
losses [4]. In fact, Voc values up to 1.122 V at 1 sun have been
reported for a GaAs single-junction solar cell with conversion
efficiency of 28.8% ± 0.9% [1], [9] and of 29.3% ± 0.7% under
a concentration of 49.9 suns [1].

In this work, we investigate how the GaAs solar cell structure
has to be adapted for operation at high concentration levels up
to 560 suns. Furthermore, we are studying the effect of photon
recycling under concentration for a GaAs heterojunction cell
fabricated on a GaAs bulk substrate or on a highly reflecting
magnesium fluoride (MgF2)/Ag back mirror. Here, one chal-
lenge is to realize a highly reflective mirror and simultaneously
to create an excellent ohmic back contact that allows transport-
ing high current densities under concentration. Current–voltage
(I–V) characteristics are compared for both cell designs, con-
firming the importance of a highly reflective back mirror to
reach high performance under concentrated irradiation.

II. SOLAR CELL DESIGN PRINCIPLES

One possibility to reduce radiative recombination losses and,
thus, increase the open-circuit voltage of a GaAs single-junction
solar cell is to enhance photon recycling. In general, emission of
photons occurs in the semiconductor under all solid angles and
the absolute probability of radiative recombination increases
with the crystal quality. Emitted photons have a low probability
for reabsorption, and therefore, it is important to ensure a suf-
ficiently long pathway. This is achieved by reflecting the light
several times between the front and rear of the solar cell struc-
ture. On the front side, the exit cone is determined by the high
refractive index step from GaAs to air, resulting in an escape
cone of around 16° which is not influenced by additional pla-
nar antireflective coatings. For angles greater than the critical
angle (θc), total internal reflection occurs. This is schematically
illustrated in Fig. 1.

However, on the rear side, emitted photons with all angles
are usually transmitted into the GaAs substrate [see Fig. 1(a)]
where parasitic absorption occurs. One possibility to decrease
this loss is replacing the substrate by a mirror. According to sim-
ulation, Voc increases superlinearly with increasing reflectivity
of the mirror [4]. The increase is particularly pronounced for
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Fig. 1. Schematic cross section of solar cell on (a) substrate, (b) with a metallic
mirror, and (c) with a dielectric layer between the photoactive layers and the
metallic mirror.

reflectivities above 95%. Therefore, it is of utmost importance
to provide a mirror with high reflectivity to benefit from the
nonlinear voltage boost.

The reflectivity is generally limited for metal mirrors [see
Fig. 1(b)]. However, losses can be decreased by introducing
an additional dielectric layer between the photoactive GaAs cell
and the metal mirror [see Fig. 1(c)]. In this concept, total internal
reflection at the semiconductor–dielectric interface occurs for all
photons under angles larger than the critical angle. In addition,
photons transmitted through the dielectric layer have a second
chance for reflection at the metallic mirror. Parasitic absorption
losses at the metal are reduced because of the smaller fraction
of photons reaching the metal mirror. Of course, these losses
are also highly dependent on the type of metal. This approach
is similar to a passivated emitter and rear cell silicon solar cell
[10]. Dielectric-metal stacks are also used in LED devices to
increase the outcoupling efficiency [10].

We used silver as the metal because of its high reflectivity in
the relevant wavelength regime for GaAs emission and magne-
sium fluoride as the dielectric coating. MgF2 has a low refractive
index in the range of 1.38–1.42 and, therefore, results in a high
amount of total internal reflection. Any other dielectric with low
refractive index would also be suitable.

III. THEORETICAL MODELING

A. Thickness of Dielectric Layer

The reflectivity of the mirror consisting of a dielectric and
metallic layer depends on the thickness of the dielectric layer
as interference effects occur in the thin film. The layer structure
is modeled with the help of the transfer matrix formalism [12].
Here, the reflectivity of TE and TM polarization is averaged
(Rweighted ), integrated over all solid angles as shown in [13]
and weighted with the emission spectrum Em of GaAs (1). This
reflectivity is labeled as spectral reflectivity Rspectral

Rspectral =
∫

Rweighted · Em∫
Em

. (1)

Fig. 2. Modeling of the spectral reflectivity Rsp ectra l over the thickness
of a dielectric MgF2 layer. With a thickness of 220 nm, a maximal spectral
reflectivity of 99.3% can be reached within the considered range of thicknesses
up to 500 nm.

MgF2 was used as the dielectric layer and silver (Ag) as the
metal. In Fig. 2, the spectral reflectivity is shown as a function
of the thickness of the MgF2 layer. In comparison, a pure silver
mirror leads to a spectral reflectivity of 95.8%. For low MgF2
thicknesses, the evanescent field in the dielectric layer prevents
efficient total internal reflection. For MgF2 layer, thicknesses up
to 500 nm, a maximum spectral reflectivity of 99.3% is found
for a thickness of 220 nm. Thus, a 220-nm-thick MgF2 layer
was used for the thin-film solar cells in this work.

B. Simulation of I–V Characteristics

The two-diode model given in (2) is used to model I–V curves.
A detailed description of the model can be found in [14] and
[15]

J (V ) = J01 (V ) + J ′
02 (V ) +

V − J · RS

RP
− JP h with

J ′
01 (V ) = J01 ·

(

exp
(

q · (V − J · RS )
n1 · kB T

)

− 1

)

and

J ′
02 (V ) = J02 ·

(

exp
(

q · (V − J · RS )
n2 · kB T

)

− 1

)

. (2)

This model considers the series (RS ) and parallel resistance
(RP ) as well as the recombination current density in the diode
(J01) and in the depletion region (J02). The temperature is as-
sumed to be constant at T = 298 K; the bandgap energy is
EG = 1.424 eV for GaAs [16]. The ideality factors are assumed
to be n1 = 1 and n2 = 2. The Boltzmann constant is given
with kB , the elementary charge with q, and the temperature
with T. It is important to ensure that one set of parameters fits
to all concentration-dependent I–V characteristics.

J ′
01 (V ) has an ideality factor of 1, J ′

02 (V ) an ideality fac-
tor of 2 which means that J ′

01 (V ) increases faster with voltage
than J ′

02 (V ). The dark current of typical GaAs solar cells at 1-
sun AM1.5g is influenced by both J ′

01(V ) and J ′
02(V ) whereas

the J ′
01(V ) term dominates for higher operating voltages under

concentrated illumination. Radiative recombination is an im-
portant contribution to J ′

01(V ), which decreases with increasing
radiative efficiency (or in other words decreasing contribution
of non-radiative recombination). Solar cells, in which radia-
tive recombination is dominant and which have a back mirror,
benefit from more photon recycling and consequently higher



350 IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 8, NO. 1, JANUARY 2018

external radiative efficiency. The external radiative efficiency
(ηrad ) can be calculated from (3) [17], where E is the energy,
Jsc the short-circuit current density, h the Planck constant, and
c the velocity of light. External quantum efficiency (EQE) can
in good approximation be considered only for perpendicular
incidence [18]

ηrad =
2πq
h3c3 · exp

(
q ·Vo c
kB T

)
· ∫ ∞

EG

EQE ·E 2

exp(E/kB T )−1dE

Jsc
. (3)

From this, the concentration-dependent gain in Voc because
of enhanced photon recycling can be calculated as follows
[19]–[21]:

ΔVOC = VOC (Mirror, c) − VOC (Substrate, c)

=
kB T

q
ln

(
ηrad (Mirror, c)

ηrad (Substrate, c)

)

(4)

where Voc (Mirror/Substrate, c) is the concentration (c)-
dependent Voc value for solar cell on substrate, respectively,
on mirror. As mentioned above, the radiative efficiency in-
creases with increasing concentration. This increase is—as also
mentioned above—stronger for the cell with a rear-side mirror.
Therefore, one can expect an increase in ΔVoc with increasing
concentration.

IV. EXPERIMENTAL REALIZATION

A. Epitaxial Growth of Solar Cell Structures

The solar cells are deposited by metal–organic vapor phase
epitaxy on GaAs substrates. The cell design for the heterojunc-
tion structure is schematically shown in Fig. 3. The aluminum
content increases from GaAs for the emitter up to Al0.3Ga0.7As
for the base. This epitaxial structure is used in order to re-
duce nonradiative recombination in the depletion region [22],
[23]. Consequently, radiative recombination dominates, and the
open-circuit voltage and the performance of the solar cell can be
improved by enhanced photon recycling. Furthermore, a win-
dow layer and back surface field (BSF) are included to reduce
minority carrier leakage and surface recombination losses.

Contact layers to achieve a low resistance semiconductor–
metal contact are realized on the front and back side of the
solar cell. Thin-film solar cells with a rear-side mirror required
an additional etch stop layer for substrate removal and a lat-
eral conduction layer for current transport under concentrated
illumination.

B. Solar Cell Processing

The processing of solar cells started with the front-side
technology. The highly doped contact layer was structured by
photolithography and selective wet etching. A Ta2O5 /MgF2 an-
tireflection coating and an ohmic front-side contact were de-
posited by e-beam and thermal evaporation, respectively. Sub-
sequently, the cells on the wafer were separated electrically by
photolithography and selective wet etching. In the next step, a
sapphire wafer is temporarily bonded to the front side of the
solar cell before removing the GaAs substrate in order to realize

Fig. 3. Schematic cross section of epitaxially grown GaAs heterojunction
solar cell including doping and thickness of each layer. The aluminum content
is increased up to 30% between emitter and base. BSF is the abbreviation for
back surface field.

thin-film cells with rear-side mirror. Solar cell structures which
remained on the substrate were finalized by the deposition of a
back metal contact.

After the temporary stabilization, the GaAs substrate was re-
moved by selective etching stopping on the GaInP etch stop
layer, followed by a removal of this layer. Then, the contact
layer on the back was structured by photolithography with a
point contact mask and etched by selective wet etching. A di-
electric MgF2 layer with a thickness of 220 nm was evaporated
thermally. A silver layer was sputtered as metallic mirror on top
of the dielectric layer. Sputtering is used in order to achieve a
good adhesion of Ag on MgF2 . After finishing the mirror, the
back side contact was realized. For this purpose, the photoresist
was lifted and an ohmic p-GaAs back contact (Pd/Zn/Pd/Au)
was thermally evaporated. This back contact with point con-
tacts through the dielectric layer covers only approximately 1%
of the rear side. Finally, a thick copper layer was deposited by
electroplating as conductive stabilization for the thin-film so-
lar cells and the temporary bond on the front side was finally
removed.

A schematic cross section of the solar cell structure is shown
in Fig. 4; a photograph of a thin-film solar cell wafer with
concentrator solar cells each having an area of 0.05367 cm2 is
shown in Fig. 5. For comparison, the same solar cell structure
was also realized on a planar Ag mirror and on a conventional
GaAs substrate.

V. RESULTS AND DISCUSSION

Thin-film solar cells with rear-side reflective structures have
been characterized and compared with solar cells on substrate
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Fig. 4. Schematic cross section of a thin-film solar cell with rear-side mirror
consisting of a dielectric and metallic layer with point contacts.

Fig. 5. Photograph of a thin-film wafer with solar cells having a rear-side mir-
ror. Such a thin-film wafer is around 34 μm thick, very flexible and lightweight.

in order to show the open-circuit voltage increase because of
the combination of photon recycling and concentrated illumi-
nation. For this purpose, I–V curves of the heterojunction solar
cells with different rear-side reflector were measured under a
flash based sun simulator up to 560 suns. The 1 sun (AM1.5d,
ASTMG 173-03, 1000 W/m²) current of the devices has been
determined at the calibration laboratory at Fraunhofer ISE in-
cluding spectral mismatch correction. Some thin-film solar cells
have a pure metallic Ag mirror and some feature a rear-side mir-
ror consisting of a dielectric MgF2 and a metallic Ag layer to
achieve higher reflectivity. In Fig. 6, the measured I–V curves
of a solar cell on substrate and of a thin-film solar cell with
a back side mirror of MgF2 and Ag are shown under 177 and
182 suns, respectively. The measured I–V curves are fitted using
the two-diode model described in Section III. The modeling fits
well to the measurement with parameters listed in Table I.

Regarding the fitting parameters, it becomes obvious that
thin-film solar cells with a mirror on the rear side reach a lower
recombination current density in the diode (J01) compared with
cells on substrate. This is attributed to the higher radiative effi-
ciency as explained in Section III. This increase in Voc can be
seen in the I–V curves, especially in the inset of Fig. 6. Both
series and parallel resistances are similar comparing solar cells

Fig. 6. Measured and modeled I–V characteristics of a solar cell on substrate
and of a thin-film solar cell with a mirror consisting of an MgF2 and Ag layer.
The thin-film cell is measured under 182 suns, the cell on substrate under
177 suns. In the inset, the voltage range around the open-circuit voltage is
enlarged.

TABLE I
PARAMETERS FOR MODELING I–V CURVES AT 298 K

Parameters GaAs substrate MgF2 and Ag Only Ag

J01 in mA/cm2 3 · 10−17 0.7 · 10−17 1.0 · 10−17

J02 in mA/cm2 2.3 · 10−8 2.3 · 10−8 2.3 · 10−8

Rp in Ω · cm2 0.12 · 106 0.12 · 106 0.12 · 106

Rs in Ω · cm2 0.006 0.004 0.004

on substrate with thin-film cells with rear-side mirror. More-
over, for several concentration factors, I–V curves are recorded
under concentrated illumination up to 560 suns. From these I–V
curves, the open-circuit voltage Voc , the fill factor FF, and the
energy conversion efficiency η are extracted and weighted with
the active area of the solar cell. In Fig. 7, these parameters are
shown as a function of the logarithmic concentration. In addi-
tion, the measured Voc values are listed in Table II, including
the difference (Δ) between solar cells on substrate and thin-film
solar cells with mirror.

Voc increases logarithmically with increasing concentrated il-
lumination. The Voc values extracted from I–V curves simulated
with the two-diode model (2) fit well to the measured Voc both
for solar cells on substrate and thin-film cells with reflector.
This can be seen from the small difference between model and
experimental results in Fig. 7.

The solar cells shown here are designed for operation un-
der concentrated illumination. Nevertheless, 1-sun measure-
ments are recorded as well. The values are listed in Table II.
At 1 sun, the solar cells on substrate reach a Voc of 1052 mV
(Jsc = 26.2 mA/cm2 and FF = 85.4%). Thin-film architec-
ture with a metallic silver mirror boosts the voltage by 20 to
1072 mV (Jsc = 27.1 mA/cm2 and FF = 85.8%). This is be-
cause of improved photon recycling. Moreover, the solar cell
with a dielectric MgF2 and silver mirror reaches a further in-
crease in Voc of 2 mV up to 1074 mV (Jsc = 27.4 mA/cm2 and
FF = 87.1%). This is an increase of 22 mV compared with the
cell on substrate. This voltage boost achieved with a dielectric
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Fig. 7. Open-circuit voltage VOC , fill factor FF, and energy conversion effi-
ciency η as a function of the concentrated illumination for three GaAs hetero-
junction solar cells with a MgF2 /Ag mirror, a pure Ag mirror, and on substrate.
All measurements were performed at 298 K.

TABLE II
OPEN-CIRCUIT VOLTAGES AND EXTERNAL RADIATIVE EFFICIENCY

FOR DIFFERENT CONCENTRATIONS

Vo c Concentration ΔVo c ηrad ΔVOC expected
in mV in suns in mV in% from (4) in mV

GaAs substrate

1052 1 2.5
1202 177 4.5
1226 526 n.a.

Thin-film solar cell with Ag mirror

1072 1 20 5 20
1226 184 24 11.2 24
1251 560 25 n.a. n.a.

Thin-film solar cell with MgF2 /Ag mirror

1074 1 22 5.3 20
1230 182 28 13.4 28
1258 556 32 n.a. n.a.

The difference (Δ ) compares open-circuit voltages of solar cells on substrate with thin-
film solar cells on MgF2 /Ag mirror and on a pure Ag mirror of the values for η r a d were
calculated from (3). Results for high concentrations are possibly affected by the serial
resistance and therefore not shown.

layer between the photoactive layers and the metal mirror is
expected since total internal reflection for photons with angles
exceeding the critical angle can be reached. Photons with angles
lower than the critical angle are still reflected at the metal. The
Voc difference between solar cells on substrate and with mirror
is found to increase with concentration ratio. For the thin-film
cell with silver mirror, an increase of 24 mV at 177 suns and
of 25 mV at around 560 suns is realized. Furthermore, for the

Fig. 8. EQE for three GaAs heterojunction solar cells with a MgF2 /Ag mirror,
a pure Ag mirror and on substrate.

thin-film cells with MgF2 /Ag mirror, an increase in Voc of 28 mV
under 182 suns and of 32 mV under 556 suns is observed. This
additional gain in Voc for high concentration is—as shown in
Section III-B—because of the fact that radiative recombination
becomes even more dominant.

The lateral conduction layer is important for the thin-film de-
vices with point contacts. No reduction in fill factor is observed
up to high concentration levels which confirms that the lateral
resistance is sufficiently low. A small gain in current is observed
for the MgF2 /Ag cell compared with the cell Ag mirror. This
can be seen from the quantum efficiency in Fig. 8.

The oscillations in the EQE close to the band gap are Fabry–
Perot oscillations that occur because of interference of light
reflected at the front and back surfaces. While the absorption
is close to unity, the EQE is still significantly below 1. This is
because of a small remaining reflection at the ARC, but more
importantly because of metal grid shading of the concentrator
solar cell device. The grid coverage has been designed for opera-
tion at high current densities and is a tradeoff between resistance
losses and optical losses. This front metal grids results in ap-
proximately 8% absolute shading. This may be further reduced
for cells operating at lower current densities.

The best GaAs heterojunction solar cell in this work has
a reflector with a dielectric MgF2 and metallic Ag layer and
reaches a conversion efficiency of 28.8% with a Voc of 1230 mV,
a short-circuit current Jsc of 4.99 A/cm2 and a fill factor of
85.5%. These values are achieved at 182 suns concentration of
the AM1.5d, ASTMG 173-03 solar spectrum for a concentrator
solar cell with an area of 0.05367 cm2.

VI. CONCLUSION

We have investigated heterojunction GaAs solar cells under
concentration, including different back side mirrors to enhance
photon recycling. The best results were achieved for a cell with
a rear-side reflector consisting of a dielectric MgF2 and metallic
Ag layer. Point contacts with an area <1% are formed to con-
tact a highly doped Al0.1Ga0.9As layer which facilitates lateral
conduction of majority carriers under concentration. Devices
were measured up to high concentration levels of 560 suns.
It was shown that the enhanced photon recycling in thin-film
solar cells with back side mirror reduces the recombination
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current density of the diode J01 and increases the Voc . The best
solar cell with MgF2 /Ag mirror exhibits a Voc of 1230 mV at
182 suns which is an increase of 28 mV compared with cells
on GaAs substrate. An energy conversion efficiency of 28.8%
was measured for this device, close to the current record value
of 29.3% ± 0.7% at 49.9 suns by LG [1]. Moreover, we have
found that the gain in Voc because of the rear-side mirror in-
creases with the concentration ratio as radiative recombination
becomes more dominant. This is in excellent agreement with the
theoretical considerations in Section III-B, which are confirmed
experimentally by our work.
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in 1996, and the Ph.D. degree from the University
of Konstanz, Konstanz, Germany, in 2000, both in
physics.

He is the Head of the Department “III-V Epi-
taxy and Solar Cells” with the Fraunhofer Institute
for Solar Energy Systems, Freiburg, Germany. His
department carries out applied research in the fields
of III–V multijunction solar cells and concentrator
photovoltaic systems. He developed space and con-

centrator solar cells with efficiencies up to 46% at 500 suns. He has published
more than 200 scientific papers and 15 patents in this field.

Dr. Dimroth and his team received the Fraunhofer Prize in 2010, the French
Louis D Science Award in 2010, and the French-German Economy Prize in
2011. He is an Editor for IEEE JOURNAL OF PHOTOVOLATICS in the field of
III–V concentrator, and space photovoltaic.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /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 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /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 <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


