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A fabrication of micro-electro-mechanical systems (MEMS) generally involves complicated conventional semiconductor processes.

Simply micro/nano-structuring process is a technical issue on further wide range of MEMS application. This study proposes to apply

transfer printing to fabricate a mechanical structure for MEMS elements. Some metals (Au, Cu and Ni) are previously deposited to

be thin-films on a micro-ridged poly-dimethyl-siloxane (PDMS) stamp, while a micro-grooved SU-8 is prepared as a substrate.

Contact-and-release process allows the metal thin-film to be locally transferred from the micro-ridges of stamp to the micro-grooved

substrate. The transferred Au and Ni thin-films successfully form to be an ultra-thin fixed beam, “cross-linked structure”, of which

the thickness is less than 100 nm. The fabricated structure is applicable to a nano-scale mechanical oscillator. The production yield

of fixed beam increases with thin-film thickness and highly-dense of thin-film. The micro-roughness and hydrophobicity of stamp

enhance the production yield of ultrathin fixed beam. These experimental results clearly indicate that the proposed process is

dominated by an adhesion force between the stamp and the thin-film as well as the mechanical strength of the thin-film. Nevertheless,

it is confirmed the transfer printing process is effective for a fabrication of MEMS element.
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1. Introduction

Some micro-electro-mechanical system (MEMS) integrates micro/

nano-scale mechanical elements with electronic circuits for unique

sensors, actuators, telecommunication devices, and biochemical

analytical systems. A fabrication of mechanical element in MEMS

generally involves some complicated semiconductor processes such as

sacrificial etching and high-temperature thin-film growth. It restricts

type of structural and/or substrate materials because of etching

selectivity and heat resistance, so that silicon and glass have been still

utilized in most micro-systems. An application of soft material

(polymer) to substrate, however, has great interest for novel MEMS

application such as bio-medical devices. Development of micro/nano-

fabrication applicable to soft material is an important technical issue to

expand the range of MEMS applications.

Micro/nano-transfer printing has been developed to fabricate

spatially patterned thin-film on a substrate.1 Fig. 1 shows a schematic

illustration of transfer printing. In this process, a thin-film of metal,

semiconductor, organic molecules, or nano-materials, which is

previously covered on a micro-structured stamp, is transferred from the

stamp to a substrate. The transferred thin-film forms into a designed

two-dimensional pattern. It can be also performed under room

temperature and atmospheric environment, so that various materials

including soft material are utilized for a structure and a substrate. A

transferring mechanism is based on a difference in adhesion force

between thin-film, stamp, and substrate in terms of applied force.2,3

When adhesion force between thin-film and substrate is higher than

that between film and stamp, the thin-film can be transferred to the

substrate surface. It means that low adhesion force is preferable for

stamp surface. Adhesion force is dominated by surface energy, so that

low surface energy material such as poly-dimethyl-siloxane (PDMS) is

mainly utilized as a stamp.4 With regard to micro/nano-pattern of metal

thin-film and its application by transfer printing, many test results have

been reported as follows. Law et al fabricated a line pattern of Au with

the range from 1 µm to 10 µm width, so that its polarization property

was confirmed.5 Kang et al. located a nano-wire mesh of Cu to

demonstrate transparent electrodes.6

As described above, these previous works utilized transfer printings

for two-dimensional patterning with a focus on an application to

electronic devices.7 We have proposed fabrications of three-dimensional
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nano/micro-mechanical structure using transfer printing. Fig. 2(a) shows

schematic illustration of the proposed process, in which micro-beams

of thin-film are formed on a substrate. A substrate is previously

structured to have an array of micro-ridges by another process such as

nano-imprint. A stamp coated with thin-film is contacted to the

structured substrate, while the line of thin-film is oriented in a direction

perpendicular to the micro-ridges. After the stamp is released from the

substrate, the thin-film is transferred and supported on the substrate

surface to form a bridge between the micro-ridges. Namely, it produces

an array of micro-beams. These micro-beams can be applied to a

micro-mechanical sensor to detect specifically-adsorbed gas molecules.

Furthermore, it is expected that the transfer printing to structured

substrate also enables us to fabricate a multi-functional micro-device,

in which some mechanical parts (micro-beam, cantilever, membrane,

wire) made of various materials are highly integrated with electronic

circuits on a flexible film.

Unlike in the case of two-dimensional patterning shown in Fig. 1,

this micro-beam fabrication applying transfer printing to three-

dimensional substrate is strongly affected by mechanical strength and

thickness of thin-film as well as adhesion forces of each interface. An

applied in-plane tensile stress is expected in the transfer printing as

shown in Fig. 2(b), because the thin-film is partially bonded to the

substrate surface. This applied tensile stress may cause undesirable

deformation and/or fracture of transferred thin-film. This present paper

intends to demonstrate fabrications of micro-beams by the proposed

process based on transfer printing, and then shows some investigations

about effects of film material, thickness, and surface properties on the

process.

2. Experimental

A stamp was fabricated by the following process. This present work

utilized PDMS (Slygard 184, Dow-corning) and h-PDMS (VDT-731,

Gelest) for stamp material because of its moldability, low surface

energy, and mechanical strength. The compression modulus of PDMS

and h-PDMS are nominally 2.0 and 9.0 MPa, respectively.8 Thick-film

photo-resist (SU-8, Micro Chem), which was spin-coated on a Si wafer,

was grooved by photo-lithography for a master mold.

The master mold has an array of micro-grooves with 10 or 50 µm

widths. The pre-polymer of PDMS or h-PDMS were mixed with curing

agent. The mixture was filled into the master mold, and then thermally

cured at 343 K for 70 min in a vacuum oven. Fig. 3(a) shows SEM (VE-

9800, Keyence) image of demolded PDMS. The PDMS stamps had an

array of micro-ridges, of which the width and height were 10 or 50 µm

and 50 µm, respectively. The top surface of fabricated micro-ridges

was smooth with nano-scale roughness. The surface of PDMS was

hydrophobic, where water contact angle (WCA) of the PDMS was

typically 107°. Higher WCA of surface is expected to have low adhesion

force and surface energy.9 The stamp size was typically 1×1 cm.

The fabricated stamps were subsequently coated with metal thin-

films (Au, Ni, or Cu) by vapor-deposition or ion sputtering. These metal

thin-films have different yield strength, modulus, and WCA. For

example, the yield strengths of Au, Cu and Ni thin-film were reported

to be 309, 224, and 770 MPa by some nano-indentation methods.10-12

In this study, WCA of Au, Cu and Ni thin-films were measured to be

40°, 17° and 6°, respectively. The thicknesses of thin-film were in the

range of 30 nm to 140 nm. We employed another SU-8 micro-structured

film as a substrate of soft material. The young’s modulus and softening

point of SU-8 are nominally 2 GPa and 383 K, respectively. The SU-

8 substrates were also grooved by photo-lithography. Fig. 3(b) shows

SEM image of typical SU-8 substrate. The groove width was 10, 50, or

100 µm. These grooves were arranged on the whole area of the substrate,

which size was typically 1×1 cm.

Fig. 4 shows our transfer printing set-up. A substrate is located on

a mechanical Z-stage, while a stamp is fixed to the opposite part installed

Fig. 1 Transfer printing for two-dimensional pattern

Fig. 2 Schematic illustrations of proposed technique

Fig. 3 Examples of fabricated stamp and substrate

Fig. 4 Transfer printing set-up
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with a force sensor. The contact pressure between the substrate and

stamp is measured by a force sensor. The substrate temperature is heated

by a ceramic heater. Typical transfer printing process is as follows. The

substrate temperature was kept at 423 K due to the softening point of

the SU-8. The substrate was moved in vertical direction, and then

contacted to the stamp coated with metal thin-film. The contact pressure

was adjusted at the range of 1.5 to 3.2 MPa for 30 min. After the

substrate was cooled and kept at room temperature for 300 s with

unloaded condition, the substrate was released from the stamp.

3. Results and Discussions

3.1 Fabrication of ultra-thin micro-beam

This section describes some demonstrations of fabricating micro-

beam by the transfer printing. In these experiments, the h-PDMS stamp

was coated with 70-nm-thickness of Au thin-films by ion sputtering. The

contact pressure was 3.2 MPa. Fig. 5 shows SEM (ERA-9000, ELIONIX)

images of the substrate surface after the process. Straight belt-like

structures were located across the micro-ridges of the SU-8 substrate.

Parts of the structures were completely isolated to the substrate on the

grooves, so that it successfully to be bridged between the micro-ridges.

This result indicates that the Au thin-film was successfully transferred

to form into micro-beams. These micro-beams were arranged on the

area of several square millimeters. The fabricated micro-beam was also

very thin. The thickness was estimated to less than 100 nm, which was

almost same as that of deposited thin-film on the stamp before the

process. The micro-ridges of stamp had no residual materials at the

opposite face to micro-beams, so that the Au thin-film was processed

without delamination. The fabricated micro-beams, however, were

slightly deformed upward, although they had little cracks. Fig. 6 shows

a surface profile of micro-beam observed by Atomic Force Microscope

(VN-8000, Keyence). The maximum deflection of micro-beam was

estimated to be approximately 2.5 µm. This result indicates a plastic

deformation induced by tensile stress shown in Fig. 2(b). It is considered

that a decrease in adhesion force between thin-film and stamp inhibits

undesirable tensile stress to cause such a deformation. Nevertheless, it

is demonstrated that the proposed process allows us to fabricate an array

of ultra-thin micro-beams without any complicated sacrificial etching.

We also processed 10-µm-wide stamp to form narrower micro-

beams. In this experiment, the PDMS stamp was coated with Au thin-

film of 100 nm thickness by vapor-deposition, while the SU-8 substrate

had 50-µm-wide micro-ridges. Fig. 7 shows SEM image of the substrate

after the process. The Au thin-film was also formed into a fixed micro-

beam. Both edge sides were not straight but irregularly serrated, as they

were partially peeled from the micro-ridges. This geometry was mainly

caused by inhomogeneous contact pressure, insufficient adhesion force,

and undesirable film-coating on stamp side-walls, because it had smaller

contact area than that of case shown in Fig. 5. This form accuracy,

however, can be improved with adjustments of surface conditions and

accurate stamp. It is considered that this process is applicable to

fabricating thinner micro-beam with several micrometers width.

3.2 Effect of film thickness and material

This section describes investigations about effects of thin-film

thickness and material properties on micro-beam fabrication. This

present study employed three kinds of materials, Au, Ni, and Cu, as a

transferred thin-film. As described in section 2, they have different

mechanical strength and surface property. Au, Ni, and Cu thin-films

were fabricated on the same type of PDMS stamps with 50-µm-wide

micro-ridges by vapor-deposition. The thickness of thin-films was the

range from 30 to 140 nm. Unlike in the case of previous section and

Fig. 5, prepared substrates had 10-µm-wide micro-ridges. The contact

pressure and substrate temperature were 1.5 MPa and 423 K,

respectively.

Figs. 8(a) and (b) show SEM images of the substrate surface after

the transfer printing of Ni and Cu thin-films. These thin-films could be

bridged between the micro-ridges of substrate. The transferred Ni and

Cu thin-films, however, had many cracks and deformations to cause

fractures of micro-beams unlike sputtered Au shown in Fig. 5. It is

considered that excess contact pressure and adhesion force resulted in

these defects and deformations, as transfer printing conditions were not

optimized for these material and thickness of thin-film. This present

study defined production yields of micro-beams to quantitatively

evaluate effects of thin-film material and thickness. Production yield is

the rate of successfully fabricated micro-beams to the transferred sites

on the same substrate. Fig. 8(c) shows the relationship between thin-

film thickness and production yield. All materials of thin-films had an

increasing tendency of production yield with film thickness. It is

considered that an increase of thin-film thickness made applied tensile

stress relatively decreased. The production yields of Au and Ni thin-

Fig. 5 SEM images of fabricated micro-scale fixed beam

Fig. 6 Cross-sectional view of ultra-thin micro-beam

Fig. 7 SEM image of 10-µm-wide micro-beam
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film, however, were remarkably high as compared to that of Cu thin-

film. The production yields of Au and Ni thin-films reached to 100 %

at 140 nm and 100 nm thickness, respectively, while that of Cu thin-

film was no more than 10 % at 140 nm thickness. It was found that the

micro-beams fabrication had critical film thickness in the experiment.

The critical thickness is related with an applied tensile stress during the

releasing step of stamp.

These experimental results were partly consistent with the mechanical

strength of thin-film, because there were a few differences in the value

of reported yield strength between Au and Cu thin-films. It can be

explained by adhesion force between the thin-films and the stamp,

because an applied tensile stress was expected to be increased with the

adhesion forces. As described above, water contact angle (WCA) is

considered to be an index for adhesion force and surface energy. The

WCA of Au, Cu and Ni thin-films were measured to be 40°, 17° and

6°, respectively. The Au thin-film has the lowest surface energy, so that

it allows the Au thin-film to be easily peeled from the stamp with

considerably small tensile stress. Meanwhile, higher surface energy of

Ni and Cu thin-films caused strongly adhesion to the stamp. It resulted

in larger tensile stress to fracture and deform the thin-film in the transfer

printing. These experiments summarized that transfer printing for micro-

beam fabrication requires enough mechanical strength or thickness of

thin-film and low adhesion force between stamp and thin-film.

3.3 Effect of thin-film property

This section describes effects of thin-film properties on micro-beam

fabrication. The properties (roughness, strength) of thin-film depend on

deposition method and conditions. This present study coated two kinds

of Au thin-films on PDMS stamps by vapor-deposition or ion sputtering.

The thickness was 70 nm. The authors experimented two-dimensional

transfer printings on a flat SU-8 substrate to investigate a difference in

transferring applicability between two Au thin-films, and then applied

two kinds of Au thin-film to transfer-printing on a micro-structured

substrate.

Firstly, the results of two-dimensional patterning were described as

follows. The authors prepared a flat SU-8 substrate without micro-ridges.

Meanwhile, the stamp had an array of 50-µm-wide micro-ridges, which

was coated with vapor-deposited or sputtered Au thin-film. In this

experiment, the contact pressure varied with the range of 150 Pa to 1

MPa. The transfer printing made the Au thin-films patterned into an

array of lines on the flat SU-8 surface. Some Au thin-films were partially

transferred with fractures onto the substrate in some conditions, as the

substrates had incomplete and discontinuous patterns. Fig. 9 shows rate

of transfer and typical SEM of fabricated line-patterns of Au on the flat

SU-8 surface. Rate of transfer is defined as the area of transferred thin-

film divided by the contacted area of micro-ridge of stamp. In the case

of vapor-deposition, the Au thin-films were almost completely transferred

on the substrate for all contact pressures. Meanwhile, in the case of

sputtered Au thin-film, the rate of transfer increased with contact

pressure. It reached to 100%, when contact pressure was more than 1

MPa. This difference in rate of transfer was attributed to surface property

of thin-film. Fig. 10 shows SEM images of thin-film surfaces coated by

vapor deposition and ion sputtering. In the coating conditions, the surface

of vapor-deposited film had dense and coalescent islands to roughen

surface, while the sputtered film was very smooth. These surface

morphologies were attributed to growth mode of thin-film, which was

three-dimensional (3D) nucleation growth or two-dimensional growth.

The growth of 3D nucleation suggests that the stamp surface had poor

wettability for Au thin-film to generate small adhesion force. Therefore,

the thin-film coated by vapor-deposition could be easily peeled and

transferred at a lower contact pressure in the experiments. Meanwhile,

the sputtered Au thin-film needed larger contact pressure to increase

real contact area between the thin-film and the substrate, because it

made the thin-film have larger adhesion force to the substrate. The

Fig. 8 SEM images and production yield of fabricated micro-beams

using Au, Ni, and Cu thin-films

Fig. 9 Relationship between production yield and pressure in two-

dimensional transfer printing of Au thin-film on a flat SU-8 surface

Fig. 10 SEM images of thin-film surfaces transferred from the stamp
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mechanical strength of vapor-deposited thin-film, however, was lower

than that of sputtered thin-film owing to its homogeneity.

As described above, the surface morphology of thin-film strongly

affected the transferring accuracy for two-dimensional transfer printing.

Two type Au thin-films were also applied to transfer printings on a

micro-structured substrate, which had 10-µm-wide micro-ridges. These

Au thin-films were previously deposited on the stamp with 50-µm-

wide micro-ridges. The thickness of thin-film was 70 nm. The contact

pressure was 1.5 MPa for the vapor-deposited film or 3.2 MPa for the

sputtered film. For both vapor-deposited and sputtered thin-films, it

was found that some micro-beams were bridged between the micro-

ridges of substrate similar to that shown in Fig. 6. There, however, was

a remarkable difference in the number of fabricated micro-beams. Fig.

11 shows their production yields. The production yield of sputtered film

was much higher than that of vapor-deposited film. This result was

attributed to thin-film homogeneity shown in Fig. 10. The vapor-

deposited thin-film consisted of nano-scale grains (islands) and

boundaries. These grain boundaries decrease an allowable stress of

thin-film to be strongly related with production yield. Therefore, this

structure of vapor-deposited thin-film caused to be fractured under

applied tensile stress by transfer printing, although it had effective

function of peeling from the stamp shown in Fig. 9.

The above experimental results summarized that accurate fabrication

of micro-beams requires the following specific thin-film properties.

The surface structure should have lower adhesion force at an interface

between the thin-film and the stamp, while the film structure also have

homogeneity with high mechanical strength. The present study also

processed transfer printing of bi-layered thin-film to achieve higher

production yield with smaller contact pressure and thinner film

thickness as shown in Fig. 12(a). The first layer was coated by vapor-

deposition to generate lower adhesion force induced by 3D nucleation.

The second layer, which is the same material as the first layer, was

coated by ion sputtering to improve film homogeneity. Both thickness

of first layer and second layer were 50 nm, so that the total film thickness

was 100 nm. The thin-film material was Au or Cu. The stamp and the

substrate had 50-µm-wide and 10-µm-wide micro-ridges, respectively.

The contact pressure was 1.5 MPa. Micro-beams of bi-layered thin-film

were successfully fabricated in the same way as that of mono-layered

thin-film as shown in Fig. 5. Fig. 12(b) shows their production yields

of micro-beams for the bi-layered and the mono-layer thin-films. In

both materials of thin-films, the production yield of bi-layered thin-film

was greatly improved as compared that of mono-layer. Especially, in

the case of Cu, the bi-layered thin-film might enhanced its mechanical

strength to prevent its fracture, as one could hardly fabricate micro-

beams of mono-layer Cu thin-film regardless of transfer printing

conditions as shown in Fig. 8. It is also considered that multi-layering

allow micro-beam of thin-films to have various mechanical properties

for specific MEMS applications.

3.4 Effect of surface wettability of stamp

To investigate an effect of stamp surface energy on a fabrication of

micro-beams, we prepared some surface-modified h-PDMS stamps.

The h-PDMS stamps with 50-µm-wide micro-ridges were processed

by plasma treatment (PDC-32G, Harrick Plasma) and air exposure. The

h-PDMS stamps were exposed to air plasma, where the plasma treatment

time was the range of 0 to 30 min. This process made the h-PDMS

surface hydrophilic, while it also etched the surface to be rougher.

Furthermore, the surface was gradually re-modified to be hydrophobic

with air-exposure after plasma treatment, while the surface roughness

(Ra) was unchanged. For example, the water contact angle (WCA) of

h-PDMS previously treated by plasma was changed from 0 degree to

64 degrees after 3.5 hours of air-exposure. The authors prepared some

surface-modified stamps with different WCA and Ra by changing both

plasma treatment time and air-exposure time. The wettability (WCA)

of h-PDMS could be adjusted to the range of less than 5 to 105 degrees,

while the surface roughness was 21 nm or 127 nm Ra. Au thin-films

were sputtered on these surface-modified h-PDMS stamps. The thin-

film thickness was 75 nm. Transfer printing process using the surface-

modified stamp was applied to the SU-8 substrates with 50-µm-wide

micro-ridges at contact pressure of 3.2 MPa.

Fig. 13 shows SEM images and production yields. With larger WCA

and roughness of stamp, it prevented plastic deformations and fractures

of transferred thin-films (a). The production yield also increased with

contact angle and surface roughness (c). As the larger contact angle

(lower surface energy) helped the thin-film to be peeled from the stamp,

it resulted in the higher production yield. This result also indicated that

surface roughness of stamp was preferred for the transfer printing of

Au thin-film. It is not reasonable from the perspective of contact area,

because contact area is generally increased with surface roughness.

Therefore, the authors also observed surface morphologies of the stamp

and the transferred thin-film. Fig. 14(a) shows cross-sectional profiles

of the thin-film and the stamp obtained from AFM observations. The

surface roughness of thin-film was smaller than that of stamp, although

the surface of thin-film had been contacted to the stamp before transfer

Fig. 11 Production yield of micro-beams fabricated by transfer printing

of vapor-deposited and sputtered Au thin-films onto micro-ridges of

substrate

Fig. 12 Micro-beam fabrications by transfer printing of bi-layered thin-

film
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printing. It is reasonable to suppose that there were many small voids

at the interface between the thin-film and the stamp as shown in Fig.

14(b). The real contact area decreased with the surface roughness due

to the voids in this experiment. Therefore, the rougher surface with

smaller contact area also made lower adhesion force to improve the

production yield. These effects achieved good form accuracy and high

production yield of micro-beam fabricated by transfer printing without

multi-layering of thin-film. The formation of voids was attributed to the

growth mode of Au on h-PDMS surface such as nucleation growth. It

is required to find applicable range of surface roughness and/or spatial

frequency of stamp to achieve desired transfer printing. They will be

investigated by our future works.

4. Conclusions

This present study is concluded as follows.

(1) It is demonstrated that an array of ultra-thin fixed beams can be

fabricated by the process based on transfer printing.

(2) The fabricated micro-beams have ultra-thin thickness less than

100 nm and several tens micrometer long. 

(3) It is clarified that production yield and form accuracy of micro-

beams is affected by surface and film properties. 

(4) Accurate fabrication of micro-beams can be achieved by multi-

layering of thin-film and surface modification of stamp.

(5) It is confirmed that transfer printing is effective process as a

MEMS fabrication process.

ACKNOWLEDGEMENT

The authors wish to thank Ms. Omata of ELIONIX INC for SEM

works. Fruitful discussions with Mr. Murakami and Mr. Miyazaki of

Tokyo Metropolitan University are greatly appreciated. This work was

supported by the Japanese Grant-in-Aid for Scientific Research (C)

(22560130) and JKA promotion funds from KEIRIN RACE (25-114).

REFERENCES

1. Unno, N. and Taniguchi, J., “Two-Tone Metal Pattern Transfer

Technique using a Single Mold Surface,” Microelectronic

Engineering, Vol. 87, No. 5, pp. 1019-1023, 2010.

2. Kim, J. W., Yang, K. Y., Hong, S. H., and Lee, H., “Formation of au

Nano-Patterns on Various Substrates using Simplified Nano-Transfer

Printing Method,” Applied Surface Science, Vol. 254, No. 17, pp.

5607-5611, 2008.

3. Someya, T. and Sekitani, T., “Printed Skin-Like Large-Area Flexible

Sensors and Actuators,” Procedia Chemistry, Vol. 1, No. 1, pp. 9-12,

2009.

4. Huang, Y. H., Wu, J. T., and Yang, S. Y., “Direct Fabricating Patterns

using Stamping Transfer Process with PDMS Mold of Hydrophobic

Nanostructures on Surface of Micro-Cavity,” Microelectronic

Engineering, Vol. 88, No. 6, pp. 849-854, 2011.

5. Law, J. B. K., Khoo, R. T. T., Tan, B. S., and Low, H. Y., “Selective

Gold Nano-Patterning on Flexible Polymer Substrate Via Concurrent

Nanoimprinting and Nanotransfer Printing,” Applied Surface Science,

Vol. 258, No. 2, pp. 748-754, 2011.

6. Kang, M. G., Park, H. J., Ahn, S. H., and Guo, L. J., “Transparent Cu

Nanowire Mesh Electrode on Flexible Substrates Fabricated by

Transfer Printing and Its Application in Organic Solar Cells,” Solar

Energy Materials and Solar Cells, Vol. 94, No. 6, pp. 1179-1184,

2010.

7. Ge, L., Jay Guo, L., Wang, X., and Fu, S., “Silver Lines Electrode

Patterned by Transfer Printing,” Microelectronic Engineering, Vol.

97, No. pp. 289-293, 2012.

8. Lee, T. W., Mitrofanov, O., and Hsu, J. W., “PatternTransfer Fidelity

in Soft Lithography: The Role of Pattern Density and Aspect Ratio,”

Fig. 13 Effects of wettability and surface roughness

Fig. 14 Surface roughness and model of adhesion



INTERNATIONAL JOURNAL OF PRECISION ENGINEERING AND MANUFACTURING  Vol. 15, No. 12 DECEMBER 2014 / 2587

Advanced Functional Materials, Vol. 15, No. 10, pp. 1683-1688,

2005.

9. Hur, S. H., Khang, D. Y., Kocabas, C., and Rogers, J. A.,

“Nanotransfer Printing by Use of Noncovalent Surface Forces:

Applications to Thin-Film Transistors that Use Single-Walled Carbon

Nanotube Networks and Semiconducting Polymers,” Applied Physics

Letters, Vol. 85, No. 23, pp. 5730-5732, 2004.

10. Yang, D. Y., Lim, T. W., Son, Y., Barlat, F., and Yoon, J. W., “Gripless

Nanotension Test for Determination of Nano-Scale Properties,”

International Journal of Plasticity, Vol. 27, No. 10, pp. 1527-1536,

2011.

11. Read, D. T., Cheng, Y. W., and Geiss, R., “Morphology,

Microstructure, and Mechanical Properties of a Copper

Electrodeposit,” Microelectronic Engineering, Vol. 75, No. 1, pp.

63-70, 2004.

12. Son, D., Jeong, J. H., and Kwon, D., “Film-Thickness Considerations

in Microcantilever-Beam Test in Measuring Mechanical Properties

of Metal Thin Film,” Thin Solid Films, Vol. 437, No. 1, pp. 182-

187, 2003.



<<
  /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 /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /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
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /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
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /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)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /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 <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /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 [2834.646 2834.646]
>> setpagedevice


