
UC Santa Barbara
UC Santa Barbara Previously Published Works

Title
0.2 v Drive voltage substrate removed electro-optic mach-zehnder modulators with MQW 
cores at 1.55 μm

Permalink
https://escholarship.org/uc/item/9jr9x8gv

Journal
Journal of Lightwave Technology, 32(3)

ISSN
0733-8724

Authors
Dogru, S
Dagli, N

Publication Date
2014-02-01

DOI
10.1109/JLT.2013.2293345
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/9jr9x8gv
https://escholarship.org
http://www.cdlib.org/


JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 32, NO. 3, FEBRUARY 1, 2014 435

0.2 V Drive Voltage Substrate Removed
Electro-Optic Mach–Zehnder Modulators

With MQW Cores at 1.55 μm
Selim Dogru, Member, IEEE, and Nadir Dagli, Fellow, IEEE

Abstract—Novel electro-optic modulators in compound semi-
conductor epilayers using substrate removal techniques are re-
ported. Epilayer consists of a p-i-n junction in which i layer is
composed of an InGaAlAs/InAlAs MQW. This creates an optical
mode with very strong vertical confinement and overlapping very
well with the large electric field of the reverse biased p-i-n junction.
This approach combined with the large quadratic electro-optic co-
efficient due to MQW improves efficiency of modulation signifi-
cantly. Mach–Zehnder electro-optic modulators fabricated using
this approach has 0.2 V (0.6 V) Vπ for 3 (1) mm long electrodes at
1.55 μm under push pull drive corresponding to record modulation
efficiency of 0.06 V·cm.

Index Terms—Compound semiconductor modulators, inte-
grated optics, optical modulators.

I. INTRODUCTION

O PTICAL modulator is a key component for a wide range
of applications requiring electrical to optical conversion.

These include fiber optic communications, RF photonics, optical
signal processing and instrumentation. Electro-optic modulators
are among the most commonly used modulator types. One of the
key metrics for an electro-optic modulator is the drive voltage
needed to switch the modulator from on to off state or vice versa.
This parameter is also known as Vπ . Electrical power required
to turn the modulator on and off is proportional to the square of
this parameter. Clearly a low Vπ modulator is needed to reduce
electrical power consumption. Electro-optic modulators are fab-
ricated in different material platforms such as LiNbO3 [1], [2],
polymer [3] and compound semiconductors [4]. Such modula-
tors typically have Vπ values of about a few volts and higher.
Presently most commonly used electro-optic modulators are
made in LiNbO3 . They have low frequency Vπ of around 3 V
with bandwidths around 20 GHz. This value increases with fre-
quency and bandwidth. In an electro-optic modulator, there is a
tradeoff between Vπ and bandwidth. There are reports of very
wide bandwidth LiNbO3 modulators approaching 100 GHz [1].
But these devices have Vπ of about 10 V. High Vπ values
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not only increase the power consumption but also require an
external modulator driver to supply such Vπ values at high
frequencies. External driver adds to the power consumption and
cost. In some cases, it is not even possible to use the modulator
effectively even with a modulator driver. In such cases voltages
less than Vπ are applied and this creates performance degrada-
tion [5]. Therefore, there is significant advantage in reducing
Vπ of electro-optic modulators. We have been working on this
issue for a while and our past work resulted in 0.3 V Vπ Mach–
Zehnder Modulators in bulk GaAs [6], [7] with 7 mm long
electrodes at 1.55 μm corresponding to 0.21 V·cm modulation
efficiency. We also made 2 V Vπ modulators with 1.8 mm long
electrodes at 1.55 μm in InP using multi quantum well (MQW)
cores [8]. Recently, we also published modulator designs with
traveling wave electrodes suitable for wide bandwidth opera-
tion [9], [10]. All of this study is based on substrate removal
technology in compound semiconductors. This technology al-
lows very compact optical waveguides and the ability to process
both sides of an epilayer. This enables novel designs with supe-
rior properties. In this paper, we report a design with even lower
Vπ . We were able to reduce this value to 0.2 V for 3 mm long
electrodes at 1.55 μm. This is not only important for further
power reduction but makes it possible to make a very low drive
voltage and a very wide bandwidth modulator by trading off Vπ

with bandwidth [10].

II. DEVICE DESCRIPTION

Fig. 1 shows the top schematic of the fabricated Mach–
Zehnder intensity modulator along with cross sectional profile of
one of the modulator arms. Epitaxial layer detail is also shown.
Optical waveguides in the modulator arms are rib waveguides
fabricated in an epitaxial layer removed from its growth sub-
strate and glued onto a transfer substrate using the polymer
benzocyclobutane (BCB) as glue. 1 μm wide rib is etched in
the top InP layer. A p-i-n diode exists in the waveguide and n
and p doped InP and In0.53Ga0.39Al0.08As layers act as buried
electrodes. Ohmic contacts are formed to these layers on the
sides away from the optical mode. An alloyed p contact is
made to p InP layer and a non-alloyed n contact is made to
the n In0.53Ga0.47As layer. Epilayer exists only in areas where
optical waveguiding is needed. Elsewhere it is removed. There
is also an isolation implant on the y-branches. This isolates the
arms electrically and they can be biased independently. In this
design, very tight vertical confinement can be obtained due to
very large index difference between the semiconductor epilayer
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Fig. 1. (a) Top schematic of the fabricated Mach–Zehnder intensity modulator.
(b) Cross sectional profile of one of the arms, which is a phase modulator. (c)
Epitaxial layer details.

core and claddings which are air and BCB. Optical mode inten-
sity contours for the fundamental TE mode are also shown in
Fig. 1(b).

By applying a reverse bias to the p-i-n diode, a very large
electric field overlapping very well with the optical mode is
generated. The electrode gap is the same as the thickness of
the i-region of the p-i-n diode which is only 160 nm thick and
mostly consists of the MQW. Such a small electrode gap can
be maintained uniform over very large area since this thickness
is controlled by epitaxial growth. Therefore it is possible to get
very large electric fields with very low voltages, which helps
to improve the efficiency of modulation significantly. This de-
sign can be the basic building block of a very wide bandwidth
modulator based on loaded line approach and special dielectric
coating described in [11].

III. FABRICATION DETAILS

Fig. 2 shows basic fabrication steps. During fabrication first
isolation implants are formed by implanting boron at energies
of 35 kV and 250 kV and doses of 2.4 × 1014cm−2 and 2 ×
1014cm−2 respectively. Then top undoped InP is etched till
10 nm undoped In0.52Al0.48As using a selective dry etch to
form the rib. This is followed by a mesa etch to etch the epilayer
where it is not desired. Then Pd/Zn/Pd/Au was deposited and
alloyed at 420 ◦C to form the p contact. Next epilayer is glued
on a GaAs transfer substrate using BCB as glue. After that
InP growth substrate is removed in diluted HCl, which stops

Fig. 2. Basic fabrication steps.

Fig. 3. Photograph of the finished modulator and its details. Electrodes along
the y-branch do not contribute to modulation. They are used to deplete the doped
region using the same fixed bias on each arm. This helps to reduce the free carrier
absorption loss outside the active modulator sections. In the experiments this
section was not biased.

on In0.53Ga0.47As. Then Ti/Pd/Au was deposited to form non-
alloyed n contacts to In0.53Ga0.47As.

In0.53Ga0.47As layer is etched using the n contact metal as a
mask. Finally n InP under the p InP ohmic contact is etched to
decrease reverse leakage current.

Fig. 3 shows the photograph of a finished modulator. Since
device is glued onto a transfer substrate upside down the waveg-
uides are not seen. Only the remaining epilayer, n and p ohmic
contacts and electrodes are seen. Under careful examination
parts of the epilayer etched under the contacts can also be ob-
served as a slight color variation due to interference created in
the very thin epilayer.



DOGRU AND DAGLI: 0.2 V DRIVE VOLTAGE SUBSTRATE REMOVED ELECTRO-OPTIC MACH–ZEHNDER MODULATORS 437

Fig. 4. Current voltage characteristics of one arm of the modulator with 3 mm
long electrode with and without 1.55 μm radiation. Insert shows PL spectra of
the MQW.

Fig. 5. Normalized optical transmission of a Mach–Zehnder modulator with
3 mm long electrode under single arm and push pull drive at 1.55 μm. The two
curves are shifted with respect to one another to approximately align extremes
of the transfer functions.

IV. RESULTS AND DISCUSSION

For characterization, cleaved facets were formed and a DFB
laser output at 1.55 μm is end fire coupled using a lensed fiber.
Fig. 4 shows the current voltage (IV) characteristics of one of the
modulator arms of a modulator with 3 mm long electrode. Insert
shows the PL spectra of the MQW. PL peak is at 1.37 μm. IV
with and without 1.55 μm radiation in the modulator is shown.
Expected diode behavior is observed. Reverse leakage current
up to 2 V reverse bias is less than 50 μA. This indicates that
current related index changes do not contribute to modulation
and voltages up to 1.5 V can be comfortably applied. The change
in the current with 1.55 μm radiation is negligible up to −1.5 V
and increases for higher reverse bias.

This shows photo detected current hence absorption is very
low at moderate reverse biases but increases at higher reverse
biases. Fig. 5 shows the transfer function of a modulator with
3 mm long electrode. Modulation as a function of applied reverse
bias is clearly observed. Circles are the data points when only
one of the arms is driven. Open squares show data when both
arms are driven in push pull. In this case, the same reverse bias
is applied to both arms, but the polarity of the ac modulating
signal is reversed between arms. The two transfer functions are
shifted with respect to one another to approximately align their
extreme. Solid lines going through these data points is a curve
fit to the well-known Mach–Zehnder modulator response. It is
observed that under single arm drive and around 1.2 V reverse

bias, Vπ is 0.4 V. For push pull drive, Vπ goes down to 0.2 V
around 0.8 V reverse bias. Over one maximum to minimum
transition for the single arm drive two such transitions for the
push pull drive are observed as expected. Measured Vπ shows
bias dependence and reduces as bias voltage increases. So it is
not possible to curve fit the entire data to the expected Mach–
Zehnder transfer function using a single Vπ . For example Vπ

around 0.7 V reverse bias is about 0.25 V for the push pull
drive. It gets even larger as reverse bias decreases. 0.2 V push
pull and 0.4 V single arm drive Vπ values for the curve fits shown
correspond to a modulation efficiency of 0.06 V·cm, which is a
record.

Transmission through the modulator also reduces slightly as
reverse bias increases. The most likely cause of this decrease is
the shift of the absorption of the MQW to longer wavelengths
due to quantum confined stark effect (QCSE) as applied field
increases. Even though the detuning between the PL peak and
operating wavelength is about 180 nm, some absorption change
is observed. For push pull drive, the change in normalized trans-
mission is less than 5% around 0.8 V reverse bias which yields
0.2 V Vπ . This corresponds to a maximum absorption change of
0.2 dB, which is tolerable. Such low absorption also agrees with
very low photo detected current observed in the IV data. Photo
detected current increase under increasing reverse bias again
indicates increasing absorption due to QCSE. The main compo-
nents of on chip propagation loss are scattering and free carrier
(FC) absorption loss. By proper design, scattering loss can be
reduced to 1–2 dB/cm level [12]. FC absorption loss mainly
depends on the p doping level and can be at the order of several
dB/cm. For these devices and other similar devices [7] the on
chip propagation loss is less than 10 dB/cm. Another signifi-
cant contributor to insertion loss is the coupling loss. Efficient
coupling into such compact waveguides is challenging and can
vary a fair amount from measurement to measurement. A sig-
nificant amount of light also couples into the BCB layer and
is transmitted fairly efficiently due to large reflection resulting
from high index contrast between the BCB and semiconductor
epilayer/transfer substrate. This light is not modulated and re-
mains in the output even if all the light through the modulator is
turned off. This stray light reduces the extinction ratio. This is
experimentally observed and for both measurements extinction
ratio is around 3 dB. In our recent work, we were able to improve
the extinction ratio to about 15 dB by using a thin metal film on
the surface of the transfer substrate [7]. This film absorbs the
stray light going through the BCB which in turn improves the
extinction ratio. It is also possible to improve coupling using
novel mode transformers between very compact semiconduc-
tor waveguide and much bigger polymer waveguides. Studies
in this direction on passive waveguides showed significant im-
provement in coupling efficiency [13]. This should also help to
improve the extinction ratio since light trapped in the BCB layer
will be significantly reduced. Fig. 6 shows the transfer function
of another modulator with 1 mm long electrode. In this case
modulation is again clearly observed and Vπ changes a factor of
two between single arm and push pull drives. It also increased a
factor of 3 compared to the modulator with 3 mm long electrode
as expected. Modulation efficiency is still 0.06 V-cm. Extinction
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Fig. 6. Normalized optical transmission as a function of applied voltage for
modulator with 1 mm long electrode at 1.55 μm under single arm and push
pull drive conditions. The two curves are shifted with respect to one another to
approximately align extremes of the transfer functions.

ratio is again low due to unmodulated light trapped in BCB. Bias
dependence of Vπ is again observed and Vπ reduces to 0.5 V for
operation around 1.2 V reverse bias under push pull drive.

These results can be explained by considering the differ-
ent physical effects contributing to index change. Applied
electric field generates index changes through linear electro-
optic (LEO), quadratic electro-optic (QEO) and FC effects.
The resultant differential phase shift between the arms of the
interferometer is proportional to the difference of the index
changes in each arm. A fixed bias voltage as well as a time vary-
ing modulating voltage is applied to each arm. Resulting bias
and AC fields are EBias = VBias/t and EAC = VAC/t, where t
is the electrode gap or thickness of the i-region. In operation,
both arms are biased with the same voltage polarity or both
p-i-n diodes are reverse biased in each arm. For push pull drive,
polarity of the modulating voltage is reversed between the arms
changing the direction of EAC in each arm. Then it can be shown
that

ΔnLEO =
n4

m

ne
r41ΓLEOEAC ,

ΔnQEO =
n4

m

ne
2R (EBias + Eb) ΓQEOEAC ,

and ΔnFC = 2CnΔNx
ACΓFCn + 2CpΔPy

ACΓFCp

where Eb is the built in field, nm is the material index, ne is
the effective index of the mode, r41 is the LEO coefficient, R is
the QEO coefficient, ΓLEO and ΓQEO are the overlap factors of
the optical mode with the AC electric field appropriate for the
LEO and QEO effects, ΓFCn and ΓFCp are the overlap factors
of the optical mode with the depleted n and p layers, ΔNAC
and ΔPAC electron and hole concentration changes in response
to AC voltage and Cn,Cp , x and y are the appropriate param-
eters for FC effects. Contribution of the QEO effect appears as
a linearly proportional term to the AC field or voltage [14]. As
a matter of fact, we can describe this term with an effective
LEO coefficient reff

41 where reff
41 = 2R (EBias + Eb) . A worst

case estimate would be reff
41 ≈ 2REBias · R shows strong wave-

length dependence and increases significantly as the operating
wavelength gets closer to the PL peak of the MQW. But then
MQW absorption also increases significantly and the insertion

loss of the device becomes excessive. In this study, the separa-
tion between the operating wavelength of 1.55 μm and MQW
PL peak of 1.37 μm is large enough to minimize MQW absorp-
tion. We compensate the corresponding decrease in R using a
sufficiently high EBias . For example in our earlier work [8], we
found R = 4.1 × 10−19 (m/V)2 . If EBias = 107V/m and we
obtain reff

41 = 2 × 107 × 4.1 × 10−19 = 8.2 × 10−12m/V. This
value is almost 6 times the bulk electro-optic coefficient value
of r41 = 1.4 × 10−12m/V. Therefore significant drive voltage
reduction is possible. Based on numerical calculation, we ob-
tain ΓLEO = 0.58 and ΓQEO = 0.49. Using these numbers at
around 1.1 V reverse bias and under push pull operation, we es-
timate ΔnLEO = 4.7 × 10−5 and ΔnQEO = 1.61 × 10−4 . Car-
rier depletion and related index change also take place in 1.5 ×
1018cm−3 doped n-In0.53Ga0.39Al0.08As and 3.6 × 1018cm−3

doped p-In0.53Ga0.39Al0.08As. Index change in these layers is
estimated using the published numbers for InP. FC induced
index changes scale inversely with electron and hole effec-
tive masses [15]. Since electron and hole effective masses for
In0.53Ga0.39Al0.08As are smaller than InP, expected carrier in-
dex change for InP will be lower than In0.53Ga0.39Al0.08As. As
a result, it is possible to use expected index change due to carrier
depletion of InP as a lower bound for In0.53Ga0.39Al0.08As. De-
pletion of 1.5 × 1018cm−3 doped n-InP gives an index change
of about [15] 4.1 × 10−3 . Hence 2CnΔNx

AC ≈ 4.1 × 10−3 for
ΔNAC ≈ 1.5 × 1018cm−3 . Based on numerical calculation, the
overlap of the depleted n In0.53Ga0.39Al0.08As layer with the
optical field is about 1 percent. As a result, carrier depletion in-
duced index change due to n region is at the order of 4.1 × 10−5 .
Similarly using the appropriate numbers for the p layer [15], we
expect an index change around 7.3 × 10−6 . Hence total FC
depletion induced index change is 4.83 × 10−5 . This is con-
sistent with our earlier work which showed almost equal con-
tribution from LEO and FC effects [7]. These effects are about
3.5 times smaller than the QEO due to MQW. Based on these in-
dex changes, we estimate Vπ as 0.2 V for 3 mm electrode device
which is in very good agreement with the measured value.

V. CONCLUSION

We fabricated novel electro-optic modulators in compound
semiconductor epilayers using substrate removal techniques.
This approach creates very strong vertical confinement. Using
a p-i-n junction in the epilayer, a very strong electric field over-
lapping very well with the optical mode is generated. Thickness
of the i-region becomes the gap of the modulator electrode. This
gap can be made submicron and very uniform over large areas.
Efficiency of modulation is further increased using a MQW core
with large QEO coefficient. The separation between the PL peak
of MQW and operating wavelength was increased to 180 nm
to reduce the MQW absorption. Corresponding reduction in the
QEO coefficient was compensated using a large bias field. Under
push pull drive, Vπ of 0.2 V at 0.8 V bias was obtained for 3 mm
long electrode at 1.55 μm. Vπ becomes 0.6 V for 1 mm long elec-
trode as expected. These values double under single arm drive.
Corresponding modulation efficiency under push pull drive is
0.06 V·cm, which is a record. This is a factor of 3.5 better than
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modulators fabricated using the same approach with bulk ma-
terial in the waveguide core [6], [7]. Vπ shows bias dependence
and reduces as reverse bias increases. Modeling supports these
observations and shows that QEO is the most significant effect.
MQW absorption at moderate bias is found to be negligible.
At increased reverse bias, absorption increases due to QCSE
as evidenced in the reverse leakage current of the device. Such
low voltage modulators could be the basic technology for very
wide bandwidth traveling wave electro-optic modulators using
the tradeoff between Vπ and bandwidth.

REFERENCES

[1] K. Noguchi, O. Mitomi, and H. Miyazawa, “Millimeter-wave Ti:LiNbO3
optical modulators,” J. Lightw. Technol., vol. 16, no. 4, pp. 615–619, Apr.
1998.

[2] Y. Shi, “Micro machined wide-band lithium-niobate electro-optic modu-
lators,” IEEE Trans. Microw. Theory Tech., vol. 54, no. 2, pp. 810–815,
Feb. 2006.

[3] D. Chen, H. Fetterman, A. Chen, W. H. Steier, L. R. Dalton, W. Wang,
and Y. Shi, “Demonstration of 110 GHz electrooptic polymer modulators,”
Appl. Phys. Lett., vol. 70, no. 25, pp. 3335–3337, 1997.

[4] J. H. Shin, S. Wu, and N. Dagli, “35-GHz bandwidth, 5-V-cm drive volt-
age, bulk GaAs substrate removed electrooptic modulators,” IEEE Photon.
Technol. Lett., vol. 19, no. 18, pp. 1362–1394, Sep. 15, 2007.

[5] A. Kanno, T. Sakamoto, A. Chiba, M. Sudo, K. Higuma, J. Ichikawa, and
T. Kawanishi, “90 Gbaud NRZ-DP-DQPSK modulation with full-ETDM
technique using high speed optical IQ modulator,” IEICE Trans. Electron.,
vol. E94-C, no. 7, pp. 1179–1185, Jul. 2011.

[6] J. H. Shin, Y.-C. Chang, and N. Dagli, “0.3 V drive voltage GaAs/AlGaAs
substrate removed Mach–Zehnder intensity modulators,” Appl. Phys.
Lett., vol. 92, pp. 201103-1–201103-3, 2008.

[7] J. H. Shin and N. Dagli, “Ultra-low drive voltage substrate removed
GaAs/AlGaAs electro-optic modulators at 1550 nm,” IEEE J. Select. Top-
ics Quantum Electron., vol. 19, no. 6, p. 3400408, Nov./Dec. 2013.

[8] S. Dogru, J. H. Shin, and N. Dagli, “InGaAlAs/InAlAs multi quantum
well substrate removed electro-optic modulators,” in Proc. IEEE Photon.
Soc. Annu. Meeting, Arlington, VA, USA, Oct. 9–13, 2011, pp. 739–740.

[9] S. Dogru, J. H. Shin, and N. Dagli, “Electrodes for wide-bandwidth
substrate-removed electro-optic modulators,” Opt. Lett., vol. 38, no. 6,
pp. 914–916, Mar. 15, 2013.

[10] S. Dogru, J. H. Shin, and N. Dagli, “Traveling wave electrodes for sub-
strate removed electro-optic modulators with buried doped semiconductor
electrodes,” IEEE J. Quantum Electron., vol. 49, no. 7, pp. 599–606, Jul.
2013.

[11] Selim Dogru, J. H. Shin, and Nadir Dagli, “Design and optimization of
ultra low voltage, wide bandwidth substrate removed electro-optic modu-
lators,” presented at the Integr. Photon. Res. Silicon Nano Photon. Conf.
Proc., Monterey, CA, USA, Jul. 25–28, 2010, Paper IWD-2.

[12] J. H. Shin, Y.-C. Chang, and N. Dagli, “Propagation loss study of
very compact GaAs/AlGaAs substrate removed waveguides,” Opt. Exp.,
vol. 17, no. 5, pp. 3390–3395, Mar. 2, 2009.

[13] S. Dogru and N. Dagli, “Mode transformers for substrate removed waveg-
uides,” presented at the IEEE Photon. Soc. Annu. Meeting, Bellevue, WA,
USA, Sep. 8–12, 2013.

[14] S. Nishimura, H. Inoue, H. Sano, and K. Ishida, “Electrooptic effects in
an InGaAs/InAlAs multi quantum well structure,” IEEE Photon. Technol.
Lett., vol. 4, no. 10, pp. 1123–1126, Oct. 1992.

[15] B. R. Bennett, R. A. Soref, and J. A. Del Alamo, “Carrier induced change
in refractive index of InP, GaAs and InGaAsP,” IEEE J. Quantum Elec-
tron., vol. 26, no. 1, pp. 113–122, Jan. 1, 1990.

Selim Dogru (M’12) received the B.S. degrees in physics and electrical and
electronics engineering from Middle East Technical University, Ankara, Turkey,
in 2007, and the M.S. degree in electrical engineering from the University of
California at Santa Barbara, Santa Barbara, CA, USA, in 2009, where he is
currently working toward the Ph.D. degree in the Department of Electrical and
Computer Engineering.

His research interests include design, modeling, simulation, fabrication,
testing and analysis of ultra- low drive voltage high bandwidth electro-optic
modulators for fiber-optic communications.

Nadir Dagli received the Ph.D. degree in electrical engineering from the Mas-
sachusetts Institute of Technology, Cambridge, MA, USA, in 1986.

After graduation, he joined the Department of Electrical and Computer En-
gineering, University of California at Santa Barbara, Santa Barbara, CA, USA,
where he is currently a Professor. His current interests are design, fabrica-
tion, and modeling of guided-wave components for optical integrated circuits,
ultrafast electro-optic modulators, WDM components, and photonic nanostruc-
tures. He served and chaired many technical program and other professional
committees.

Dr. Dagli was the Editor-in-Chief of IEEE Photonics Technology Letters
2000–2005 and an elected member of the IEEE-Photonics Society board of
governors 2003–2005.



<<
  /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
  /CreateJDFFile false
  /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

  /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




