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Abstract: Silicon nitride (SiN) formed via low pressure
chemical vapor deposition (LPCVD) is an ideal material
platform for on-chip nonlinear photonics owing to its low
propagation loss and competitive nonlinear index. Despite
this, LPCVD SiN is restricted in its scalability due to the film
stress when high thicknesses, required for nonlinear dis-
persion engineering, are deposited. This stress in turn leads
to film cracking and makes integrating such films in silicon
foundries challenging. To overcome this limitation, we pro-
pose a bilayer waveguide scheme comprised of a thin LPCVD
SiN layer underneath a low-stress and low-index PECVD SiN
layer. We show group velocity dispersion tuning at 1,550 nm
without concern for film-cracking while enabling low loss
resonators with intrinsic quality factors above 1 million.
Finally, we demonstrate a locked, normal dispersion Kerr
frequency comb with our bilayer waveguide resonators
spanning 120 nm in the c-band with an on-chip pump power
of 350 mW.
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1 Introduction

Low pressure chemical vapor deposition (LPCVD) silicon
nitride (SiN) films have emerged as an ideal candidate for
optical non-linear applications, owing to SiN’s low optical
loss and high n, value [1]. Despite the desirable charac-
teristics, LPCVD SiN waveguides often require thick films
(>400 nm) to satisfy the group velocity dispersion (GVD)
requirements for nonlinear processes in the telecom range.
Such thick SiN films are plagued by high tensile stress and
subsequent film cracking, thereby lowering the photonic
device yield and limiting their applicability in large-scale
systems. Figure 1a shows the simulated GVD for an LPCVD
SiN waveguide with a 1.5 pm width and various heights.
As an example of dispersion needed for nonlinear pro-
cesses, we highlight the dispersion range that facilitates
comb formation in the telecom wavelength range [2]-[11].
As Figure la indicates, the waveguide GVD in the c-band
only reaches the target normal and anomalous GVD range
when the waveguide thickness is beyond 500 nm, above the
typical thickness limit of 400 nm in foundries [12]. Figure 1b
shows an example of the extreme cracking in 700 nm SiN
film which forms at the edge of a 100 mm wafer (right) and
propagates to the center of the wafer (left). Such cracking is
almost unavoidable in LPCVD SiN films above the thickness
threshold of 400 nm and is a key limiting factor of wider
integration of SiN based nonlinear photonics.

To mitigate the material stress limitation, fabrication
approaches consist of stress relief trenches prior to SiN
deposition [13]-[18] or the use of chemical mechanical
planarization (CMP) for a photonic damascene process
[19]-[21]. Stress relief trenches take up valuable wafer area
leading to potential compromises in device density. High
film stress at large thicknesses can also cause cracking to
occur at the trench locations, making such trenches not
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Figure 1: Thickness dependent waveguide dispersion and film cracking
in SiN. (a) Dispersion comparison of a 1.5 pm wide LPCVD SiN waveguide
with various thicknesses. The green shaded area indicates a general GVD
range which has been shown to generate microcombs.

(b) Visible film cracking seen under a dark field microscope of a 730 nm
thick LPCVD SiN film on a 100 mm wafer. Cracks propagate from the edge
of a wafer (right) and pass through the center of the wafer (left).

always reliable against cracking (see Supplementary mate-
rial). Although the damascene process has been scaled to
200 mm wafer sizes, it is hindered by variation in height
from CMP and variation in width from thermal reflow pro-
cessing steps. As such, waveguide dimensions and coupling
gap sizes may be difficult to control leading to inaccurate
waveguide dispersion and coupling [22]. Thermal cycling
throughout deposition may also be employed to overcome
cracking once LPCVD films surpass 400 nm in thickness.
However, this has only recently been scaled to 150 mm
wafers [14], and the cycled anneal steps lead to intermedi-
ate layers within the LPCVD SiN. Circumventing LPCVD SiN
through the use of sputtered SiN [23]-[25], PECVD SiN [26],
and deuterated PECVD SiN [27]-[30] for stress-free, non-
linear devices has also been shown. In particular, deuter-
ated PECVD SiN is a promising new platform for SiN based
nonlinear technology as it provides a path towards low-
loss resonators with low temperature depositions. The tools
and gases required for deuterated PECVD SiN are expensive
though, making deuterated PECVD films far less available
compared to normal PECVD SiN. Additionally, deuterated
SiN resonators, and all other high confinement methods,
have not reached the lowest levels of loss achieved via
LPCVD SiN processes [22], [31], [32].

Thin LPCVD SiN films below 400 nm, in contrast to thick
LPCVD SiN films, do not suffer from stress and are readily
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available in foundries. Nonlinear processes may be realized
with such thin films via mode crossing techniques [33]-[35].
However, devices based on thinner nitride films lack high
modal confinement and the ability for broadband disper-
sion engineering [36].

Here we endow a foundry compatible, thin film LPCVD
SiN with the desired GVD via a stress-free bhilayer waveguide
configuration. Shown in Figure 2b, we deposit a low index
PECVD SiN (index 0f1.78 at 1,550 nm) on a thin film of LPCVD
SiN. The low index SiN layer enables stress free tuning of
the overall dispersion of the composite waveguide, while
maintaining low loss for the whole composite waveguide. It
also ensures high modal overlap with the bottom LPCVD SiN
to utilize its higher nonlinearity as the low index SiN is less
dense and, therefore, has alower relative n, [37] (see Supple-
mentary material for film details). As our fabrication is sub-
tractive and the film cracking is addressed via a bilayer film
stack, our design offers the simplest approach to fabrication
of dispersion engineered SiN waveguides. There is no con-
cern for dishing or waveguide dimension variations from
CMP and thermal reflow, nor need for stress-relief trenches
which can limit device density and may not completely pre-
vent cracking. Moreover, although we select a top film with
a large index contrast to demonstrate the robustness of the
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Figure 2: Bilayer waveguide design and dispersion. (a) 3D rendering

of the bilayer design consisting of dual ring resonators and on-chip
heaters for resonance detuning control. (b) Cross-section of the

1700 nm X 740 nm waveguide along with an overlay of the optical mode.
(c) Waveguide GVD comparison of an unaided 1700 nm X 340 nm LPCVD
SiN waveguide with that of the bilayer design. The addition of the low
index SiN layer brings the dispersion down within the range of
demonstrated combs without the tradeoff of high film stress.



DE GRUYTER

approach, our method is adaptable to other variants of SiN
films for the top layer including deuterated PECVD SiN. As
an example of application, we use our bilayer waveguides
to construct dual resonators, depicted in Figure 2a, which
are commonly used for comb generation [10]. We choose a
waveguide width of 1700 nm for our design, an LPCVD SiN
layer of 340 nm in thickness, and a low index SiN layer of
400 nm in thickness. As Figure 2c shows, our design allows
significant control over the waveguide GVD compared to the
unaided thin LPCVD SiN waveguide of the same width. From
dispersion simulations, the bilayer waveguide exhibits a
GVD within the c-band sufficiently low to where normal GVD
SiN microcombs have been demonstrated [2], [4]-[7], [10].
In contrast we see that the 340 nm thick LPCVD SiN waveg-
uide exhibits very high normal GVD and fails to reach the
generally required dispersion for microcomb generation.

2 Results and discussion

We experimentally validate that our waveguide design
enables low loss resonators comparable to the loss levels
of single-core LPCVD SiN resonators. To directly compare
device loss, we fabricate identical single ring resonators
with (a) standard 730 nm thick LPCVD SiN waveguides, (b)
our bilayer waveguides with the thicknesses specified ear-
lier, and (c) 730 nm thick low index SiN only waveguides. To
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fabricate the 730 nm thick LPCVD waveguides for compari-
son, we follow the trench and thermal annealing techniques
detailed in [16]. We choose the ring radius to be 150 pm and
the waveguide width to be 2000 nm for all devices tested. To
minimize difference in performance attributed to process
variation, these waveguides receive the same process steps
and are fabricated in parallel with each other. For loss
characterization, we selected one undercoupled ring for
each waveguide type and measured roughly 50 resonances
across a spectrum of 1,500 nm-1,600 nm. We then employ
a coupled mode model with backscattering [38] to fit each
individual resonance and extract the intrinsic quality factor
as a measurement of cavity loss. Figure 3 shows a histogram
of the fitted intrinsic quality factors for each device spec-
trum. Despite being composed of films of considerably dif-
ferent indices, our hilayer waveguides exhibit only a slight
drop in loss compared to LPCVD SiN waveguides and retain
intrinsic quality factors well above 1 million across the c-
band. This is in stark comparison to the single-core, low
index SiN waveguide which has much lower intrinsic qual-
ity factors in the range of 100 k - 600 k. Thus, our dispersion
tuning design maintains low optical loss while not suffering
from film stress.

To demonstrate the practicality of our bilayer approach
for nonlinear photonic applications, we demonstrate a
low-noise, Kerr frequency comb spanning approximately
120 nm with 350 mW of on-chip pump power. As our bilayer
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Figure 3: Intrinsic quality factors for resonators of each waveguide type. (a) Histogram of the fitted intrinsic quality factors measured across

a spectrum of 1,500 nm-1,600 nm for three separate ring resonator devices (0.2 million bin width). All three rings are 150 pm in radius and have
cross-sections of 2000 nm X 730 nm. From left to right; the average intrinsic quality factors are 425 thousand, 2.23 million, and 3.04 million,
corresponding to average loss rates of approximately 72.7 dB/m, 14.8 dB/m, and 11.1 dB/m, respectively. (b) Sample resonance fits for each

of the different rings.
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Figure 4: Low noise frequency comb generation in a bilayer waveguide resonator. (a) Optical spectrum analyzer (OSA) spectrum of the unlocked (top)
and locked (bottom) comb states of our bilayer waveguide resonator (normalized to the pump line). (b) Associated RF frequency noise measured

via an electrical spectrum analyzer (ESA).

waveguide has GVD shown in Figure 2b, we employ the dual
ring configuration, as mentioned above, to enable comb
generation in the normal dispersion regime. For our comb
device, we choose a width of 1700 nm for our hilayer waveg-
uide with a main ring of radius 120 pm and an auxiliary ring
of radius 117 pm (as shown in Figure 2a). Pumping around
1,557 nm and following [10], we utilize our fully integrated,
on-chip microheaters to tune the main ring and auxiliary
ring frequency detunings and navigate to a low noise comb
state. Figure 4 shows both the unlocked state (top) prior to
tuning the microheater currents, and the low-noise, locked
state (bottom) of the comb after tuning the microheater
currents. Once locked, we observe the characteristic low RF
frequency noise associated with such a locked state [39], in
contrast to the high RF frequency noise seen in the unlocked
state.

3 Conclusions

Our approach to dispersion engineering provides a solution
to the film stress plaguing SiN technology. By decoupling
the waveguide dispersion from the thickness of a single
LPCVD SiN layer, we enable dispersion engineered devices
with low optical loss and without large film stress during
fabrication. We generate coherent, low-noise combs using
our new waveguide design and show that our approach
is compatible with mode crossing techniques previously
used for microcomb generation. Moreover, this approach is
adaptable to other materials, as various PECVD Si,N, films

or possibly TiO, could be utilized as the dispersion tuning
top layer.

4 Fabrication methods

We fabricate our devices starting from 100 mm wafers with
4 pm of wet thermal oxide. We then deposit the 340 nm of
bottom SiN via LPCVD and follow this by depositing the
400 nm layer of low index SiN via PECVD. The LPCVD SiN
film is deposited at 800 °C using a mixture of NH; and DCS
(SiH,Cl,). The PECVD top film is deposited at 350 °C, and
we select an appropriate gas mixture of NH, SiH,, and
N, which yields our low index film. We utilize an oxide
hardmask alongside electron beam lithography to define
our waveguides and etch them with a plasma dry etch. The
waveguides are then annealed in an argon environment for
3 h and subsequently clad with a high temperature silicon
dioxide. The platinum heaters are defined on the cladding
oxide through a lift off process, and we perform a final deep
silicon etch prior to dicing to enable low loss edge couplers.
More details of our fabrication can be found in [40].

Acknowledgement: The photonic chip fabrication was
done in part at the Columbia Nano Initiative (CNI) Shared
Lab Facilities at Columbia University, and in part at the
Cornell NanoScale Facility, a member of the National Nan-
otechnology Coordinated Infrastructure (NNCI), which is
supported by the National Science Foundation (Grant NNCI-
2025233). The authors also acknowledge the use of the



DE GRUYTER

Nanofabrication Facility at the Advanced Science Research
Center at The Graduate Center of City University of New
York.

Research funding: The authors acknowledge the financial
support of the Air Force Office of Scientific Research under
grant FA9550-20-1-0297 and the Defense Advanced Research
Projects Agency (DARPA) under grant HR00112420368.
Author contributions: KJM, YO, ALG, and ML conceived
the idea. KJM did the planning and execution of the exper-
iment including design, simulations, fabrication, testing,
and data analysis. SC aided in film deposition. SS, AGM,
and MCZ aided in device testing. KM and ML wrote the
manuscript. Edits were provided by all authors. All authors
have accepted responsibility for the entire content of this
manuscript and approved its submission.

Conflict of interest: Authors state no conflict of interest.
Data availability: Data underlying the results are presented
throughout the paper and its Supplemental Information,
and additional data may be obtained from the authors upon
reasonable request.

References

[11 C.J.Krlckel, A. Fulop, Z. Ye, P. A. Andrekson, and V.
Torres-Company, “Optical bandgap engineering in nonlinear
silicon nitride waveguides,” Opt. Express, vol. 25, no. 13,
pp. 15370—15380, 2017.

[2] Y. Okawachi, B.Y.Kim, . K. Jang, X. Ji, M. Lipson, and A. L. Gaeta,
“Broadband dual-pumped normal-GVD Kerr combs,”
in 2021 Conference on Lasers and Electro-Optics (CLEO), 2021,
pp.1-2.

[3] T.).Kippenberg, A. L. Gaeta, M. Lipson, and M. L. Gorodetsky,
“Dissipative Kerr solitons in optical microresonators,” Science,
vol. 361, no. 6402, p. eaan8083, 2018.

[4] Y.Zhang, S. Zhang, T. Bi, and P. Del’Haye, “Geometry optimization
for dark soliton combs in thin multimode silicon nitride
microresonators,” Opt. Express, vol. 31, no. 25, pp. 41420—41427,
2023.

[5] Y. Liu, et al., “Investigation of mode coupling in normal-dispersion
silicon nitride microresonators for Kerr frequency comb
generation,” Optica, vol. 1, no. 3, pp. 137—144, 2014.

[6] X.Xue, et al., “Mode-locked dark pulse Kerr combs in
normal-dispersion microresonators,” Nat. Photonics, vol. 9, no. 9,
pp. 594—600, 2015.

[71 X.Xue, M. Qi, and A. M. Weiner, “Normal-dispersion
microresonator Kerr frequency combs,” Nanophotonics, vol. 5,
no. 2, pp. 244—262, 2016.

[8] Y.Okawachi, K. Saha, J. S. Levy, Y. H. Wen, M. Lipson, and A. L.
Gaeta, “Octave-spanning frequency comb generation in a silicon
nitride chip,” Opt. Lett., vol. 36, no. 17, pp. 3398 —3400, 2011.

[9] A.L.Gaeta, M. Lipson, and T. . Kippenberg, “Photonic-chip-based
frequency combs,” Nat. Photonics, vol. 13, no. 3, pp. 158 —169,
2019.

K. J. McNulty et al.: Overcoming stress limitations in SiN nonlinear photonics == 3925

[10] B.Y.Kim, et al., “Turn-key, high-efficiency Kerr comb source,” Opt.
Lett., vol. 44, no. 18, pp. 4475—4478, 2019.

[11] T.Herr, et al., “Universal formation dynamics and noise of
Kerr-frequency combs in microresonators,” Nat. Photonics, vol. 6,
no.7, pp. 480—487, 2012.

[12] C.G. H. Roeloffzen, et al., “Low-loss Si3N4 TriPleX optical
waveguides: technology and applications overview,”

IEEE J. Sel. Top. Quantum Electron., vol. 24, no. 4, pp. 1—21,
2018.

[13] R. M. Grootes, M. Dijkstra, Y. Klaver, D. Marpaung, and H. L.
Offerhaus, “Crack barriers for thick SiN using dicing,” Opt. Express,
vol. 30, no. 10, pp. 16725—16733, 2022.

[14] Z.Ye, et al., “Foundry manufacturing of tight-confinement,
dispersion-engineered, ultralow-loss silicon nitride photonic
integrated circuits,” Photon. Res., vol. 11, no. 4, pp. 558 —568,
2023.

[15] A. Gondarenko, . S. Levy, and M. Lipson, “High confinement
micron-scale silicon nitride high Q ring resonator,” Opt. Express,
vol. 17, no. 14, pp. 11366 —11370, 2009.

[16] K. Luke, A. Dutt, C. B. Poitras, and M. Lipson, “Overcoming Si;N,
film stress limitations for high quality factor ring resonators,” Opt.
Express, vol. 21, no. 19, pp. 22829—22833, 2013.

[17] K.Wu and A. W. Poon, “Stress-released Si;N, fabrication process
for dispersion-engineered integrated silicon photonics,” Opt.
Express, vol. 28, no. 12, pp. 17708 —17722, 2020.

[18] H.E. Dirani, etal., “Ultralow-loss tightly confining Si3;N,
waveguides and high-Q microresonators,” Opt. Express, vol. 27,
no. 21, pp. 30726 —30740, 2019.

[19]1 M. H. P. Pfeiffer, et al., “Photonic Damascene process for
integrated high-Q microresonator based nonlinear photonics,”
Optica, vol. 3, no. 1, pp. 20—25, 2016.

[20] M. H. P. Pfeiffer, J. Liu, A. S. Raja, T. Morais, B. Ghadiani, and T. .
Kippenberg, “Ultra-smooth silicon nitride waveguides based on
the Damascene reflow process: fabrication and loss origins,”
Optica, vol. 5, no. 7, pp. 884—892, 2018.

[21] ). Liu, et al., “High-yield, wafer-scale fabrication of ultralow-loss,
dispersion-engineered silicon nitride photonic circuits,” Nat.
Commun., vol. 12, no. 1, p. 2236, 2021.

[22] X.Ji, R.Ning Wang, Y. Liu, J. Riemensberger, Z. Qiu, and T. .
Kippenberg, “Efficient mass manufacturing of high-density,
ultra-low-loss Si;N, photonic integrated circuits,” Optica, vol. 11,
no. 10, pp. 1397—1407, 2024.

[23] S.Zhang, et al., “Low-temperature sputtered ultralow-loss silicon
nitride for hybrid photonic integration,” Laser Photon. Rev.,

p- 2300642, 2024, [Online]. Available from: https://onlinelibrary
.wiley.com/doi/abs/10.1002/Ipor.202300642.

[24] S.Zhang, et al., “Room-temperature sputtered ultralow-loss silicon
nitride,” in 2023 Conference on Lasers and Electro-Optics Europe &
European Quantum Electronics Conference (CLEO/Europe-EQEC), 2023,
p. 1. [Online]. Available from: https://ieeexplore.ieee.org/abstract/
document/10232644.

[25] A.Frigg, et al., “Optical frequency comb generation with low
temperature reactive sputtered silicon nitride waveguides,” APL
Photonics, vol. 5, no. 1, p. 011302, 2020.

[26] X.Ji, et al., “Ultra-low-loss silicon nitride photonics based on
deposited films compatible with foundries,” Laser Photon. Rev.,
vol. 17, no. 3, p. 2200544, 2023.


https://onlinelibrary.wiley.com/doi/abs/10.1002/lpor.202300642
https://onlinelibrary.wiley.com/doi/abs/10.1002/lpor.202300642
https://ieeexplore.ieee.org/abstract/document/10232644
https://ieeexplore.ieee.org/abstract/document/10232644

3926 = K.). McNulty et al.: Overcoming stress limitations in SiN nonlinear photonics

[27] ]. Chiles, et al., “Deuterated silicon nitride photonic devices for

[28]

[29]

[30]

[31]

32]

[33]

[34]

broadband optical frequency comb generation,” Opt. Lett., vol. 43,
no. 7, pp. 1527—-1530, 2018.

Z.Wu, et al., “Low-noise Kerr frequency comb generation with low
temperature deuterated silicon nitride waveguides,” Opt. Express,
vol. 29, no. 18, pp. 29557 —29566, 2021.

X. X. Chia, et al., “Optical characterization of deuterated silicon-rich
nitride waveguides,” Sci. Rep., vol. 12, no. 1, p. 12697, 2022.

D. Bose, et al., “Anneal-free ultra-low loss silicon nitride integrated
photonics,” Light: Sci. Appl., vol. 13, no. 1, p. 156, 2024.

Y. Xuan, et al., “High-Q silicon nitride microresonators exhibiting
low-power frequency comb initiation,” Optica, vol. 3, no. 11, p. 1171,
2016.

X.Ji, et al., “Ultra-low-loss on-chip resonators with sub-milliwatt
parametric oscillation threshold,” Optica, vol. 4, no. 6,

pp. 619—624, 2017.

S. Kim, et al., “Dispersion engineering and frequency comb
generation in thin silicon nitride concentric microresonators,” Nat.
Commun., vol. 8, no. 1, p. 372, 2017.

Z.Yuan, et al., “Soliton pulse pairs at multiple colours in normal
dispersion microresonators,” Nat. Photonics, vol. 17, no. 11,

pp. 977—983, 2023.

[35]

[36]

(37

[38]

[39]

[40]

DE GRUYTER

S. A. Miller, et al., “Tunable frequency combs based on dual
microring resonators,” Opt. Express, vol. 23, no. 16,

pp. 21527—-21540, 2015.

Y. Okawachi, et al., “Bandwidth shaping of microresonator-based
frequency combs via dispersion engineering,” Opt. Lett., vol. 39,
no. 12, pp. 3535—3538, 2014.

R. W. Boyd, Nonlinear Optics, 3rd ed., USA, Academic Press, Inc.,
2008.

M. L. Gorodetsky, A. D. Pryamikov, and V. S. Ilchenko, “Rayleigh
scattering in high-Q microspheres,” JOSA B, vol. 17, no. 6,

pp. 1051—1057, 2000.

C. Joshi, et al., “Thermally controlled comb generation and soliton
modelocking in microresonators,” Opt. Lett., vol. 41, no. 11,

pp. 2565—2568, 2016.

X.Ji, S. Roberts, M. Corato-Zanarella, and M. Lipson, “Methods to
achieve ultra-high quality factor silicon nitride resonators,” APL
Photonics, vol. 6, no. 7, p. 071101, 2021.

Supplementary Material: This article contains supplementary material
(https://doi.org/10.1515/nanoph-2024-0457).


https://doi.org/10.1515/nanoph-2024-0457

	1 Introduction
	2 Results and discussion
	3 Conclusions
	4 Fabrication methods


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /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 false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /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 <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /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
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


