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Abstract

Solid-state lighting (SSL) technologies, based on semiconductor light emitting devices, have
the potential to reduce worldwide electricity consumption by more than 10%, which could
significantly reduce U.S. dependence on imported energy and improve energy security. The
[I-nitride (AlGalnN) materials system forms the foundation for white SSL and could cover a
wide spectral range from the deep UV to the infrared. For this LDRD program, we have
investigated the synthesis of single-crystalline III-nitride nanowires and heterostructure
nanowires, which may possess unique optoelectronic properties. These novel structures
could ultimately lead to the development of novel and highly efficient SSL nanodevice
applications. GaN and IlI-nitride core-shell heterostructure nanowires were successfully
synthesized by metal organic chemical vapor deposition (MOCVD) on two-inch wafer
substrates. The effect of process conditions on nanowire growth was investigated, and
characterization of the structural, optical, and electrical properties of the nanowires was also

performed.
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1. Introduction

The purpose of this LDRD project is to develop scalable based processes to
synthesize and characterize single-crystalline III-nitride nanowires and heterostructure
nanowires for potential novel solid-state lighting (SSL) and photonic nanodevice
applications. SSL technologies, based on semiconductor light emitting devices, have the
potential to reduce worldwide electricity consumption by more than 10%, which could
significantly reduce U.S. dependence on imported energy and improve energy security. The
[[I-nitride (AlGalnN) materials system forms the foundation for white SSL and could cover
a wide spectral range from the deep UV to the infrared. Single-crystalline [II-nitride
nanowires and heterostructure nanowires may possess unique optoelectronic properties due
to their structural quality, size and dimensionality. This could ultimately lead to the
development of novel and highly efficient SSL devices based on I1I-nitride nanowires.

Our approach focuses on using metal-organic chemical vapor deposition (MOCVD)
to synthesize the nanowires on 2-inch wafer substrates in a conventional cold-walled rotating
disk reactor. MOCVD is a versatile, reproducible technique with excellent control that is in
widespread commercial use for the growth of compound semiconductor devices, including
light emitting diodes (LEDs) and solid-state lasers. We believe that success in developing
MOCVD-based techniques for synthesizing III-nitride nanowires with controlled orientation
and properties would represent a major advance in nanowire device research, and hence
nanowire-based lighting, by allowing for the scalable and reproducible growth of
heterostructure nanowires (e.g. quantum well nanowires), tunable band gap AlGalnN alloy
nanowires, and n-type and p-type doped intra-nanowire junctions. Additionally, MOCVD-
based nanowire growth would allow for facilitated scalability and integration with film
technology, as well as a direct technology transfer to a large installed base of MOCVD
reactors, using standard precursors for growth and doping. Thus, MOCVD arguably
represents the most promising method for the controlled growth of IlI-nitride nanowires for
nanodevice applications. The nanowires were grown using metal catalyst nanoclusters
deposited on the substrate surface to initiate and direct nanowire growth via the vapor-liquid-

. . 1
solid mechanism.



This LDRD was funded over the fiscal period FY04-FY 06, for $100K per year, under
LDRD project number 79800, under the Investment Area/Thrust of Energy and Infrastructure

Assurance/Innovating in Energy and Infrastructure Assurance.

2. Experimental Details

The growth experiments were performed in a home-built MOCVD rotating-disk cold-
wall reactor, which is shown in Figure 1. The substrate holder temperature was measured
and controlled using a commercial near-infrared pyrometer. Two-inch diameter sapphire or
silicon wafers were used as the growth substrates. Nickel served as the catalyst for vapor-
liquid-solid (VLS) based nanowire growth and was deposited on the substrate surface prior to
insertion into the reactor. The nickel was typically deposited as either a thin nickel film (2-

5 nm thick) or in the form of NiO nanoparticles (8-10 nm diameter) or nickel nitrate
(hexahydrate) (Ni(NO3),-6H,0) dissolved in absolute ethanol to the desired concentration
and subsequently sonicated and applied drop-wise via a pipet onto different areas of the
substrate. Following application of the catalyst, the wafer was placed into the reactor for
growth. After heating to the desired growth temperature in hydrogen (H»), trimethylgallium
and ammonia (NHj3) were introduced into the reactor to initiate nanowire growth. The

reactor pressure was held constant at 140 Torr and the wafer rotation rate was 1200 RPM.



Figure 1. Cold-wall rotating disk MOCVD reactor used for nanowire growth

The nanowire growth was characterized with scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). Electrical characterization of individual
nanowires was carried out by first sonicating nanowires in 2-propanol, followed by spin-
casting the suspension onto p+ Si wafers with 100 nm thick thermal oxide. Next, arrays of
interdigitated Ni/Au (40nm/70nm) electrodes were defined on the substrate using optical
lithography, followed by an O, plasma descum etch and electron beam evaporation and lift-
off. Each interdigitated electrode array contains 32 individually addressable electrodes, as
shown in Figure 2, with a spacing of 1 um, 2 um, or 4 um. This approach does not require
direct write electron beam lithography, and generally results in tens to hundreds of individual
nanowire devices. Before testing, the wafers were annealed for several minutes at 600 °C in
vacuum, which resulted in formation of ohmic contacts to the nanowires. Photoluminescence
(PL) spectra were collected on individual nanowires using a home-built system, in which
light from a 325 nm He-Cd laser is focused through a reflective UV lens into a 10 wm spot,

with a total incident power of 2 mW.



Figure 2. Optical image of interdigitated electrode array used for nanowire electrical measurements

3. Results

3.1 Nanowire Growth and Structural Characterization

We have demonstrated the growth of single crystalline GaN nanowires using
MOCVD on two-inch sapphire and silicon wafer substrates. Figure 3 shows the growth of
GaN nanowires on c-plane (0001) sapphire at 800 °C. While densely packed, the nanowires
are not seen to have a high degree of alignment with respect to the substrate. Control of both
the growth orientation, which can have a strong effect on anisotropic properties, and
alignment are critical issues in nanowire growth. In particular, the ability to control the
nanowire alignment could enable devices based on arrays of vertically aligned I1I-nitride
nanowires and heterostructure nanowires. Thus, we explored the effects of substrate
orientation of nanowire alignment. In a breakthrough, we were able to achieve the growth of
highly aligned, uniform arrays of vertically aligned GaN nanowires on (1-102) r-plane
sapphire substrates under certain conditions, as shown in Figure 4. Significantly, the

nanowires were grown without the use of a template or patterning.
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Figure 3. SEM image of GaN nanowires grown by MOCVD at 800 °C on c-plane (0001) sapphire

Interestingly, we found that the degree of alignment and size uniformity of the
nanowires were dependent on the nickel nitrate catalyst concentration applied to the
substrate, with the highest degree of uniformity and alignment occurring at concentrations
much more dilute than typically employed for VLS-based nanowire growth. Specifically,
regions of highly aligned growth were most often observed at nickel nitrate concentration of
0.0005 M, as shown in Figure 4. This concentration is approximately 20 times or more dilute
than typically used for the growth of carbon nanotubes and semiconductor nanowires>”, and
to our knowledge the use of such dilute concentrations and the results on VLS nanowire
growth have not been previously reported. In these highly aligned regions, the GaN
nanowires had typical diameters at their base of ~200-400 nm and very small diameter tips
with an average diameter of 10 nm = 8 nm, with the majority having tip diameters below
9 nm. The majority of the nanowires had lengths of ~5-10 um, and the density of the
nanowires was approximately 3.5 um™ in the highly aligned 0.0005 M nickel nitrate areas.
The GaN nanowires typically have a tapered, or needle-like, shape, and triangular cross-
sections, as was also seen in previous studies of MOCVD-grown GaN nanowires.**® The
tapered shape is most likely due in large part to competing homoepitaxial growth on the
nanowire sidewalls. Near top-view SEM images (e.g., Figure 4) show that the vertically
aligned nanowires have their respective facets aligned in the same directions, indicating a

common growth orientation.
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Figure 4. SEM images of highly aligned growth of GaN nanowires at 800 °C on r-plane (1-102) sapphire

The structural characteristics of the aligned nanowires were investigated by
transmission electron microscopy (TEM), which showed that the GaN nanowires have a
single crystalline, wurtzite structure. Figure 5 shows a high resolution TEM image and
corresponding selected area electron diffraction (SAED) pattern an individual GaN
nanowires, with the [0001] zone axis parallel with the electron beam direction. From the
alignment of the real space image and the diffraction pattern, the nanowires were determined
to grow along the [11-20] direction, perpendicular to the (11-20) a-plane of GaN. A small
proportion (<15%) of the nanowires were determined to have a [10-10] growth direction.
The triangular sides of the [11-20] oriented nanowires were determined to consist of the
(0001), (-1101), and (-110-1) planes, resulting in an isosceles cross-section. Significantly, no
threading dislocations were observed in the nanowires, although (0001) basal-plane stacking
faults were commonly observed. (0001) stacking faults are known to have a low defect

energy and are frequently observed in GaN films® "

14-17

and have also been reported in GaN

nanowires.
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Figure 5. HR-TEM image of [11-20] oriented GaN nanowire

Using our experience in the growth of GaN nanowires via MOCVD, we have also
been able to create radial, or core-shell, heterostructure nanowires. The GaN nanowires
serve as the “core” upon which shell layers of different III-nitride materials can be
heteroepitaxially deposited. We have been able to achieve this by varying the process
conditions such that axial nanowire growth is quenched and the new layer grows radially to
form a shell around the GaN nanowire core. In this manner, we have synthesized core-shell
nanowires with GaN cores and AIN, AlGaN, InN, and InGaN shell layers, on 2-inch sapphire
substrates. An example of an GaN-InN core-shell nanowire grown using this technique is
shown in Figure 6. We have found that accurate structural and compositional
characterization of the heterostructures nanowires has proven non-trivial. Perhaps due to the
triangular faceting, standard bright-field TEM imaging does not reveal the distinct inner core

and outer shell layer, making a determination of shell thickness and uniformity difficult.

3.2 Optical and Electrical Characterization of Nanowires

We collected photoluminescence (PL) measurements of individual GaN nanowires at
room temperature to gauge their optical quality. Representative PL spectra for nanowires
grown at 800 °C are shown in Figure 6a. A band-edge emission peak at around 368 nm and
a broad yellow luminescence band centered around 550 nm. The band-edge peak is slightly

red-shifted compared to a 363 nm band-edge peak measured under the same conditions for a
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commercially obtained c-plane GaN film (TDI, n-type undoped). The yellow luminescence
band is commonly observed in undoped GaN films, and despite intense investigation, it is
still unresolved as to its exact source.'® However, several studies have linked the yellow

19-24

luminescence to the presence of carbon ~ ", which is thought to act as an acceptor-type

electron trapping center in GaN.**°

We note here that GaN is typically grown by MOCVD
at temperatures exceeding 1000 °C, and that increasing carbon incorporation in MOCVD-
grown GaN has been correlated with decreasing growth temperature.”” In order to determine
whether increasing the growth temperature of the nanowires would increase the ratio of the
band-edge peak height to the yellow band height (BEL/YL), GaN nanowires were grown at
an increased temperature of 900 °C on r-plane sapphire, keeping all other growth conditions
the same. Representative room temperature PL spectra of the nanowires grown at 900° C are
shown in Figure 6b, and show a dramatic increase in the BEL/YL ratio, indicating the
nanowires have excellent optical and crystalline quality, even in the absence of intentional
doping. Specifically, we observe a ~50 times increase in the absolute band edge peak
intensity and an approximate two orders of magnitude increase in the BEL/YL ratio
compared to the nanowires grown at 800 °C (shown in Figure 6a). Thus, our results show
that the optical quality of MOCVD-grown GaN nanowires is highly dependent on growth
temperature, which is most likely due to increased carbon incorporation from the

trimethylgallium precursor at lower growth temperatures.

200 4000
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Figure 6. Representative PL spectra of GaN nanowires grown at (a) 800 °C and (b) 900 °
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Electrical measurements were also performed on the aligned GaN nanowires grown at
800 °C and 900 °C, and are shown in Figure 7. The electrical properties, similar to the
optical properties, were seen to be highly dependent on growth temperature, with a typical
resistivity of ~1 Q-cm for nanowires grown at 900 °C and ~1000 Q-cm for 800 °C grown
nanowires was measured. We have observed a sharp increase in resistance for GaN
nanowires with smaller diameters (< ~200 nm), irrespective of growth temperature and
presumably due to depletion by surface states.”® It has been suggested in numerous studies
that carbon substituting on nitrogen sites, acts as a deep acceptor in GaN*%, and increasing
resistivity in GaN films with increasing carbon concentration has been previously reported.”
Thus, increased incorporation of carbon from the trimethylgallium source at lower growth
temperature®’ could lead to compensation of the free carriers in GaN. This explanation is
also in agreement with the sharp decrease in the BEL/YL ratio for the 800 °C vs. 900 °C

grown nanowires reported here.

1.E-04

Current (A)
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Figure 7. Representative [-V data for GaN nanowires grown at 800 °C and 900 °C. Inset shows a single GaN

nanowire device with top-deposited contacts.
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Preliminary studies of the optical properties of core-shell heterostructure nanowires were also
carried out. Figure 8 shows photoluminescence spectra for GaN-InGaN core-shell nanowires
grown at 900 °C and 750 °C for the core and shell, respectively. In comparison, to GaN
nanowires, the PL spectra of GaN-InGaN heterostructure nanowires show new peaks at
~400-410 nm, as seen in Figure 8, indicating emission from the InGaN shell layer. By
altering the growth conditions, and hence the degree of In content, it will be possible to tune
the emission wavelength of the InGaN shell layer into the blue and green region of the visible
spectrum. While the InGaN emission in these nanowires is not particularly intense compared
to the yellow band emission, it demonstrates a proof of concept for core-shell nanowires as
potential solid-state lighting components. Future work will focus on improving the band-

edge emission of the InGaN layers and tuning the emission wavelength.
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Figure 8. PL spectra of GaN-InGaN core shell nanowires showing InGaN peaks

4. Conclusions

For this LDRD project, we have investigated techniques based on MOCVD to synthesize
GaN and III-nitride heterostructure nanowires for potential use as elements in future solid-
state lighting devices. We were successfully able to synthesize high quality, single-

crystalline GaN nanowires using MOCVD on standard sapphire substrates. By careful
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selection of the substrate orientation and catalyst preparation, we were also able to achieve
the highly aligned growth of vertical nanowire arrays without the use of patterning, which
could lead to devices based on dense arrays of oriented nanowires. The optical and electrical
properties of single nanowires were measured using a Sandia-developed platform. Building
off our GaN nanowire growth expertise, we were also able to fabricate core-shell III-nitride
heterostructure nanowires with GaN cores and shells of various composition, including InN,
InGaN, AlGaN, and AIN. Structural characterization to determine shell layer thicknesses
and quality were found to be non-trivial on these core-shell nanowires, perhaps due to their
triangular cross-sections. Preliminary optical characterization of GaN-InGaN core-shell
nanowires did indicate emission from the InGaN layer, demonstrating that these core-shell
nanowires could be promising candidates as efficient elements in future solid-state lighting

devices.

17



References

(1) Wagner, R. S.; Ellis, W. C. Appl. Phys. Lett. 1964, 4, 89.

(2) Kind, H.; Bonard, J. M.; Forro, L.; Kern, K.; Hernadi, K.; Nilsson, L. O.;
Schlapbach, L. Langmuir (USA) 2000, 16, 6877.

3) Chang, K. W.; Wu, J. J. J. Phys. Chem. B (USA) 2002, 106, 7796.

4) Qian, F.; Li, Y.; Gradecak, S.; Wang, D. L.; Barrelet, C. J.; Lieber, C. M.
Nano Lett. 2004, 4, 1975.

(5) Su, J.; Cui, G.; Gherasimova, M.; Tsukamoto, H.; Han, J.; Ciuparu, D.; Lim,
S.; Pfefferle, L.; He, Y.; Nurmikko, A. V.; Broadbridge, C.; Lehman, A. Appl. Phys. Lett.
2005, 86, 13105.

(6) Qian, F.; Gradecak, S.; Li, Y.; Wen, C. Y.; Lieber, C. M. Nano Lett. 2005, 5,
2287.

(7) Kuykendall, T.; Pauzauskie, P.; Lee, S. K.; Zhang, Y. F.; Goldberger, J.;
Yang, P. D. Nano Lett. 2003, 3, 1063.

(8) Kuykendall, T.; Pauzauskie, P. J.; Zhang, Y.; Goldberger, J.; Sirbuly, D.;
Denlinger, J.; Yang, P. Nature Mater. (UK) 2004, 3, 524.

9 LilientalWeber, Z.; Sohn, H.; Newman, N.; Washburn, J. J. Vac. Sci. Technol.
B, Microelectron. Nanometer Struct. (USA) 1995, 13, 1578.

(10)  Wu, X. H.; Brown, L. M.; Kapolnek, D.; Keller, S.; Keller, B.; DenBaars, S.
P.; Speck, J. S. J. Appl. Phys. (USA) 1996, 80, 3228.

(11)  Zhi, D.; Tisch, U.; Zamir, S. H.; Wei, M.; Zolotoyabko, E.; Salzman, J. J.
Electron. Mater. 2000, 29, 457.

(12) LEE,N. E.; POWELL, R. C.; KIM, Y. W.; GREENE, J. E. J. Vac. Sci.
Technol. A, Vac. Surf. Films (USA) 1995, 13, 2293.

(13) Lu, X. H.; Yu, P. Y.; Zheng, L. X.; Xu, S. J.; Xie, M. H.; Tong, S. Y. Appl.
Phys. Lett. 2003, 82, 1033.

(14) Tham, D.; Nam, C. Y.; Fischer, J. E. Adv. Funct. Mater. 2006, 16, 1197.

(15)  Chen, C. C.; Yeh, C. C.; Chen, C. H.; Yu, M. Y.; Liu, H. L.; Wu, J. J.; Chen,
K. H.; Chen, L. C.; Peng, J. Y.; Chen, Y. F. J. Am. Chem. Soc. 2001, 123, 2791.

(16) Seo, H. W.; Bae, S. Y.; Park, J.; Yang, H. N.; Park, K. S.; Kim, S. J. Chem.
Phys. (USA) 2002, 116, 9492.

(17)  Seryogin, G.; Shalish, I.; Moberlychan, W.; Narayanamurti, V.
Nanotechnology 2005, 16, 2342.

(18)  Reshchikov, M. A.; Morkoc, H. J. Appl. Phys. (USA) 2005, 97, 61301.

(19)  Ogino, T.; Aoki, M. Jpn. J. Appl. Phys. (Japan) 1980, 19, 2395.

(20)  Glaser, E. R.; Kennedy, T. A.; Doverspike, K.; Rowland, L. B.; Gaskill, D.
K.; Freitas, J. A.; Khan, M. A.; Olson, D. T.; Kuznia, J. N.; Wickenden, D. K. Phys. Rev. B,
Condens. Matter (USA) 1995, 51, 13326.

(21)  Polyakov, A. Y.; Shin, M.; Freitas, J. A.; Skowronski, M.; Greve, D. W_;
Wilson, R. G. J. Appl. Phys. (USA) 1996, 80, 6349.

(22)  Seager, C. H.; Wright, A. F.; Yu, J.; Gotz, W. J. Appl. Phys. (USA) 2002, 92,
6553.

(23)  Seager, C. H.; Tallant, D. R.; Yu, J.; Gotz, W. J. Lumin. (Netherlands) 2004,
106, 115.

18



(24) Kucheyev, S. O.; Toth, M.; Phillips, M. R.; Williams, J. S.; Jagadish, C.; Li,
G. J. Appl. Phys. (USA) 2002, 91, 5867.

(25) Tang, H.; Webb, J. B.; Bardwell, J. A.; Raymond, S.; Salzman, J.; Uzan-
Saguy, C. Appl. Phys. Lett. 2001, 78, 757.

(26) Birkle, U.; Fehrer, M.; Kirchner, V.; Einfeldt, S.; Hommel, D.; Strauf, S.;
Michler, P.; Gutowski, J. MRS Internet J. Nitride Semicond. Res. 1999, 4S1.

(27) Koleske, D. D.; Wickenden, A. E.; Henry, R. L.; Twigg, M. E. J. Cryst.
Growth (Netherlands) 2002, 242, 55.

(28) Calarco, R.; Marso, M.; Richter, T.; Aykanat, A. I.; Meijers, R.; Hart, A. V ;
Stoica, T.; Luth, H. Nano Lett. 2005, 5, 981.

(29) Wickenden, A. E.; Koleske, D. D.; Henry, R. L.; Twigg, M. E.; Fatemi, M. J.
Cryst. Growth (Netherlands) 2004, 260, 54.

19



Distribution List

Copies Mailstop

MS1086
MS1086
MS1086
MS9401
MS1421
MS1086
MS1415
MS1421
MS9292
MS1086
MS1086
MS1086
MS9018
MS0899
MS0188

S NG YO N0 Y VG VGG VGG U

Recipient

George T. Wang
Robert M. Biefeld

J. Randall Creighton
A. Alec Talin

Paula P. Provencio
Daniel L. Barton

J. Charles Barbour
Jerry A. Simmons
Elaine Lai

Dan D. Koleske
Michael E. Coltrin
Mary E. Crawford
Central Technical Files
Technical Library

D. Chavez, LDRD Office

20

Org.

01126
01126
01126
08759
01111
01123
01120
01130
08125
01126
01126
01123
8944

4536

01011



	MOCVD Synthesis of Group III-Nitride Heterostructure Nanowires for Solid-State Lighting
	Abstract
	Acknowledgments
	Table of Contents
	List of Figures
	1. Introduction
	2. Experimental Details
	3. Results
	3.1 Nanowire Growth and Structural Characterization
	3.2 Optical and Electrical Characterization of Nanowires

	4. Conclusions
	References
	Distribution List


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /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 /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue true
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /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 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /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 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /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 (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU (Use these settings to create PDF documents suitable for reliable viewing and printing of business documents. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




