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Abstract: Uncooled IR (infrared) microbolometer performance is greatly affected by the thermal
properties associated with the structural layout of each design. Equations are derived in this article
which make use of basic structural dimensions to predict the expected thermal conductance and
thermal capacitance of a microbolometer device. These equations enable a microbolometer designer
to determine the estimated thermal time constant of a design without performing complicated analytical
calculations for each layer in the design. Calculation results shown indicate the effect structural changes
have on the thermal time constant of microbolometer devices. These changes aid microbolometer
designers in adjusting the layout of the device to change the thermal time constant to the desired
value. Structural deviations that occur during manufacturing of microbolometers are calculated and

the possible causes are discussed.
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1. INTRODUCTION

Microbolometer  device  fabrication  has  been
substantially simplified with the advances in MEMS
(Micro-electromechanical structures), such as thermally
isolating micro structures created with a complementary
metal oxide semiconductor (CMOS) process [1]. These
devices are manufactured by performing various
processing techniques after the CMOS process has
been completed. These post CMOS processing techniques
are performed at a low temperature, to maintain the
integrity of the underlying CMOS circuit.

Different microbolometer designs are used to determine
the relationship between structural differences and the
thermal performance of these devices.  Specifically
designed test devices will be used to isolate structural
differences and determine the effect each structural
difference has on the thermal performance. These changes
in performance are used to derive equations that can be
used to predict the thermal properties of a microbolometer
design based on basic structural dimensions [2].

Experimental measurements performed on manufactured
microbolometer devices reveal material property and
structural differences from expected design values. These
differences are calculated and possible causes for these
differences are considered.

2. DESIGN OF MICROBOLOMETER TEST
DEVICES

The microbolometer device shown in figure 1, illustrates
the basic layout of a microbolometer with all structural
elements indicated. This article will investigate
performance changes with alterations to the support leg
width and length. Test devices which isolate a single
structural change are used. In one set the support leg

width is kept constant and only the length is changed to
determine the change in thermal performance associated.
Another set of devices are then used where the support leg
length is kept constant and only the width is changed. The
range of support leg widths used are between 8 ym and 20
um, and support leg lengths are between 89 um and 169

um.

/Element support structure
Metal
Sensi connection
ensin
Support Leg Elemengt
Anchor XCavity
| | yd
Substrate

Figure 1: Basic structure of IR bolometer

Test structures used for the varying width test make use of
an “I” bolometer design as shown in figure 1, bolometers
used for the varying length test make use of an “L” design.
The “L” design improves the shape of the microbolometer
for integration in a FPA (Focal Plane Array) by keeping
the device square whilst increasing the length of the
support legs. FPA’s are used to produce a two dimensional
image from multiple microbolometers arranged in an array,
connected to a readout circuit [3].

3. THERMAL PROPERTY CALCULATIONS

Thermal conductance defines the rate at which heat is
transferred from the bolometer membrane throughout the
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Figure 2: Material layers used for test devices

device and to the anchors which operate as heat sinks
for the microbolometer device. The thermal conductance
of a microbolometer can be calculated by using equation
1, where the three terms represent the physical thermal
conductance, radiation thermal conductance and gaseos
thermal conductance respectively [4,5]. Devices packaged
in a vacuum will have no conductance caused by gaseos
thermal conductance and therefore equation 1 has to be
changed accordingly.

G:k(VVLT) +45£A(Tm)3+7»a,-r%7 1)

where:

A = the thermal conductivity in W /mK

W = the width of the support legs in m

T = the thickness of the material in m

L = the length of the support legs in m

4 = the Boltzmann constant

€ = the effective emissivity of the material

A = the area of the entire device in m?>

Tm = the temperature in K

Agir = the thermal conductivity of air in W /mK
d = the distance from membrane structure to cavity bottom
inm

The gaseos thermal conductance calculations assume that
the heat loss through the air above the membrane structure
to the device package is negligibly small and therefore
only the heat loss through the air beneath the structure is
considered. Calculation performed by using equation 1
must be done for each layer used in the design as shown
in figure 2, and then added together to calculate the total
thermal conductance of the bolometer device.

Devices used for the support leg width test all have a
membrane area of 900 um? and support legs of 30 um long.
The width of their support legs are changed in steps of 4
um as shown in figure 3, where an increase in support leg
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Figure 3: Thermal conductance of devices with support legs of
30 um long

width produced an increase in thermal conductance. This
increase in thermal conductance is caused by the increase
in the thermal connection between the membrane and the
anchors which increases the heat transfer speed.
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Figure 4: Thermal conductance of devices with support legs of
10 um wide packaged in vacuum

Devices used for the support leg length test have a
membrane area of 1600 um? and 10 um wide support legs.
The change in thermal conductance for test devices, with
different lengths of support legs, packaged in vacuum and
in air are shown in figure 4 and 5, respectively. Results
indicate that in order to reduce the thermal conductance,
the support legs must be shortened for devices packaged in
air and lengthened for devices packaged in a vacuum. This
difference is due to the large contribution of gaseos thermal
conductance through the air beneath the support legs to the
bottom of the cavity of the devices packaged in air.

Thermal capacitance is a measure of the microbolometer’s
heat retention ability. The thermal capacitance is only
affected by the volume of the microbolometer device
and therefore it can be assumed that when the total
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Figure 5: Thermal conductance of devices with support legs of
10 um wide packaged in air

volume of the microbolometer is increased the thermal
capacitance is also increased. Equation 2 is used to
calculate the thermal capacitance of each layer of the
microbolometer device.  The thermal time constant
can be calculated with equation 3 by using the total
thermal capacitance and thermal conductance values
calculated [4, 5]. The thermal capacitance and the thermal
conductance are used together to determine the thermal
time constant of a microbolometer device. This thermal
time constant determines the maximum speed at which
the microbolometer can operate. The readout circuit
can limit the operating speed further but is not capable
of reducing the thermal time constant beyond this value
without altering the design layout.

H="Vpc, o)

where:

V = the volume of the device m?>

p = the density in g/m?
¢ = the specific heat in J/gK

= Hrotal
- )
Grotal

3

where:

Hroq = the total thermal capacitance of all the layers in
J/K

Groar = the total thermal conductance of all the layers in
W/K

Figure 6 shows the change in thermal time constant with a
change in support leg width for the test devices used in the
thermal conductance and thermal capacitance calculations
above. Figure 7 and 8 show the thermal time constant with
a change in support leg length for test devices used above
packaged in a vacuum and in air, respectively.

Figure 6: Thermal time constant of devices with a membrane
area of 900 um?
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Figure 7: Thermal time constant of devices with support leg
widths of 10 um packaged in vacuum

x 10
1.872 ¥
1.87
_ 1868
i<
-
£ 1.866
g —*— Original Data
: 18641 Fitted curve
g
g 1.862f
15} /
ﬁ /
1.86 /
1.858 - .
i i i i i i i

i i
0.8 0.9 1 1.1 1.2 1.3 14 1.5 1.6 17
Support Leg length [m] X107

Figure 8: Thermal time constant of devices with support leg
widths of 10 um packaged in air




6 SOUTH AFRICAN INSTITUTE OF ELECTRICAL ENGINEERS

4. PREDICTION AND OPTIMISATION OF
THERMAL PROPERTIES

Microbolometers are designed to have a specific time
constant. This time constant can be adjusted to improve the
performance of a device by altering its structural layout [6].
The previous sections show simulation results for devices
where different structural dimensions are varied to isolate
the change in thermal time constant to a specific structural
dimension.

Results shown in the previous sections indicate that the
time constant for bolometer devices can be lengthened by
increasing the length of the support legs, or alternatively
reducing the width. By using the results shown in figures
3 to 5 and the thermal capacitance values calculated
with equation 2 for the same devices, equations 4 to
6 can be derived. These equations can be used to
calculated the expected thermal conductance and thermal
capacitance values for devices based on basic structural
dimensions. These predicted thermal conductance and
thermal capacitance values are then used to estimate the
thermal time constant of a device by using equation 3.

Gair = 0.187L1ee +1.28 x 10*A310m
+0.85Wpq —6.812 x 107° )
Gvae = 53.3L7,—0.023L1cg +0.076Wpeg
—16.37Apem +1.1586 x 107° )
H = 0.483WpegLieg +0.528A 101 (6)

where:

Ly, = the length of the support legs in m
Wi = the width of the support legs in m

Aprem = the area of the membrane structure in m?>

Equations 4 to 6 make use of the basic structural
dimensions to estimate the thermal performance of a
microbolometer device. These equations are only valid
for devices manufactured with the layers shown in figure
2 with Vanadium Oxide used as sensing material.

5. THERMAL PROPERTY VERIFICATION OF
MANUFACTURED DEVICES

Manufactured microbolometers differ slightly from their
designs due to variations in material thickness and
device deformation. Deformation of a bolometer
device usually causes the distance between the device
membrane and the cavity bottom to change, this affects
the thermal conductance of devices packaged in air.

Vol.103(1) March 2012

Manufactured test devices can be used to calculate the
actual distance between the membrane and the cavity
bottom if deformation is suspected. Figure 9 shows
the thermal conductance calculated from experimental
measurements of test devices with different membrane
sizes [4,7].
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Figure 9: Thermal conductance with a change in membrane area

The actual distance between the membrane and the cavity
bottom can be calculated by using the slope of the linear
curve fitting shown in figure 9 and equation 7 below.

A
Garm = Mair g y (7)

where:

Aqir = the thermal conductance of air in W /m.K

A = the area of the sensing membrane in m?>

d = the distance between the membrane and the cavity
bottom in m

Equation 7 shows that the slope of the linear curve shown
in figure 9 represents the ratio %, where A, is a known
constant. It can therefore be calculated that the actual
distance between the sensing membrane and the cavity
bottom is 3.2um and not 2um as the design indicates in
figure 2. This deformation could be as a result of internal
stress between the layers used in the design which caused
the membrane to bend upwards after the sacrificial layer
was removed, or due to the increased temperature required
during the final steps of manufacturing.

Material thickness and property variations can change the
performance of the actual device and make performance
predictions difficult. The thermal conductance of
microbolometer devices packaged in a vacuum can be
used to derive a constant which is independent of material
thermal properties and layer thickness, limited to a specific
design process. Figure 10 shows the thermal conductance
of microbolometer devices as a function of the number of
squares in their support legs. The number of squares in
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a support leg is calculated by dividing the length of the
support leg by its width. This shows the amount of equally
sized square blocks needed to form all the support legs of a
microbolometer device. These square blocks are made up
of the layers used for the specific design process and are
equal in thickness.
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Figure 10: Thermal conductance with a change in the number of
squares in the support legs

The physical thermal conductance shown in equation 8§,
is the major contributing factor of thermal conductance
for devices packaged in a vacuum. The slope of the
fitted curve shown in figure 10 is defined as the thermal
conductance per square for the range of manufactured
microbolometers. Substituting this newly derived thermal

0-7 W/K
#Squares

equation 8 for %, leaves only two unknown variables, the
thickness and thermal conductance of the materials in each
layer. These variables are identical as shown in figure 2
for all the devices manufactured with the same process and
can therefore be excluded.

conductance per square value (2 x 1 ) in

wT
Gphysical =X (L) ; (®)

where:

A = the thermal conductance of each material in W /m.K
W = the width of the support legs in m

T = the thickness of each material m

L = the length of the support legs in m

The thermal conductance per square can therefore
be used to estimate the thermal conductance of any
microbolometer device packaged in a vacuum based only
on the amount of squares in their support legs as shown in
equation 9.

Gsguares
Gphysical = <¢$;§4’Z;¥> +C, 9
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Gyquares = the thermal conductance per square in sqwuufw
#Squares = the amount of squares in the support legs in
amount

C = the minimum thermal conductance practically

achievable in W/K

6. CONCLUSION

The thermal performance calculation of a microbolometer
design can be simplified by using equations 4, 5 and 6 to
predict the thermal conductance and thermal capacitance
prior to building a sophisticated model or performing
complicated calculations. These values can be used to
calculate the expected thermal time constant and adjust
the structural dimensions of the bolometer device to
obtain the desired performance values. Calculation results
used to derive the above mentioned equations can also
be used to aid in making changes to the structure of
the microbolometer to achieve the required thermal time
constant.

Manufactured devices perform different from simulations
due to unexpected structural deformations and process
variations. Calculations shown are used to determine
the amount of structural deformation of microbolometer
devices, by using measured thermal properties. Equations
are derived that can be used to simplify the estimation
of thermal conduction calculations by eliminating the use
of process dependant variables that are common to all
devices. These calculations are limited to a set of devices
manufactured on the same substrate or with the same
processing steps.

7. ACKNOWLEDGEMENTS

The authors would like to thank the Advanced Manufac-
turing Technology Strategy (AMTS) of the Department
of Science and Technology, South Africa for the financial
support of the research.

8. REFERENCES

[1] S. Gilmartin, D. Collins, D. Bain, W. Lane,
O. Korostynska, A. Arshak, E. Hynes, B. McCarthy,
and S. Newcomb, ‘“Uncooled IR nanobolometers
fabricated by electron beam lithography and a
MEMS/CMOS process,” in 8th IEEE Conference on
Nanotechnology 2008. 1EEE, 2008, pp. 131-134.

[2] Y. Tsujino, “An approach for the performance analysis
of an uncooled infrared bolometer imager,” Infrared
Physics and Technology, vol. 53, pp. 50-60, 2010.

[3] A.Rogalski, “Optical detectors for focal plane arrays,”
Opto-electronics review, vol. 12, pp. 221-245, 2004.

[4] P. Eriksson, J. Andersson, and G. Stemme, “Thermal
characterization of surface-micro machined silicon
nitride membranes for thermal infrared detectors,”
Journal of Microelectromechanical Systems, vol. 6,

pp. 55-61, 1997.



8 SOUTH AFRICAN INSTITUTE OF ELECTRICAL ENGINEERS Vol.103(1) March 2012

[5] E Niklaus, A. Decharat, C. Jansson, and G. Stemme,
“Performance model for uncooled infrared bolometer
arrays and performance prediction of bolometers
operating at atmospheric pressure,” Infrared Physics
and Technology, vol. 51, pp. 168—177, 2008.

[6] H. Najafabadi, A. Asgari, M. Kalafi, and K. Khalili,
“An analytical model for detectivity prediction of un-
cooled bolometer considering all thermal phenomena
effects,” Procedia Engineering, vol. 8, pp. 280-285,
2011.

[7] J.-S. Shie, Y.-M. Chen, and B. Chou, “Characteriza-
tion and modelling of metal-film microbolometers,”
Journal of Microelectromechanical Systems, vol. 5,
pp- 298-306, 1996.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /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 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /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 true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

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

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




