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In this paper, we report that silver films evaporated on poly-ethylene-terephthalate (PET) substrates

coated with an acrylic primer can be stretched beyond 70% without fracture. As-deposited films

show a larger failure strain than annealed coatings. These observations are rationalized in light of a

ductile fracture mechanism where debonding from the substrate coevolves with strain localization.

The results of this study indicate that PET substrates coated with an acrylic primer layer may be

suitable for stretchable electronics. VC 2011 American Institute of Physics. [doi:10.1063/1.3567917]

I. INTRODUCTION

Stretchable and flexible electronics are finding increas-

ing use in a wide range of applications, including electrical

sensors,1,2 flexible displays,3 thin-film solar cells,4 and elec-

tronic skins for robots and humans.5 These structures usually

consist of polymeric substrates coated with thin metal films

that serve as interconnects between devices. Among the

materials that have been investigated for use as intercon-

nects, silver (Ag) has the lowest electrical resistivity, making

it an important candidate for the electrodes in thin-film-tran-

sistor liquid crystal displays6 (TFT-LCDs). Its superior oxi-

dation resistance compared to copper (Cu) also makes it an

attractive component in nanoparticle-based inks used for

large-area electronics.7 In spite of the growing interest in

Ag interconnects, there are relatively few studies on the

mechanical behavior of Ag thin films fabricated through con-

ventional fabrication methods such as evaporation or sputter-

ing.8–12 In this paper, we investigate the stretchability of Ag

thin films deposited on polymer substrates by means of elec-

tron-beam evaporation.

Although various polymers have gained attention as

possible substrates for electronic devices, transmissive

TFT-LCDs are currently limited to poly-ethylene-terephtha-

late (PET) substrates because of their excellent transpar-

ency.13 Compared to polyimide (PI), another common

substrate material, PET has lower adhesion to metal layers

and a relatively low melting temperature, limiting possible

heat treatments. The result is an interconnect structure with

inferior mechanical and electrical behavior.14 For PET to be

successfully used as a substrate, it is critical to achieve inter-

connects with better mechanical behavior and with stable

electrical resistance during the device operation. We will

show in this paper that these objectives can be achieved by

increasing the adhesion between film and substrate.

Recent experiments on Cu sputter deposited onto PI sub-

strates showed elongations over 50% without severe fracture

of the Cu film.15–17 Freestanding films, by contrast, typically

rupture at strains below a few percent.18–22 These studies

showed that a ductile metal film on a polymer substrate fails

through a mechanism in which the coevolution of strain

localization in the film and debonding of the film from the

substrate leads to crack formation. The experimental results

presented in these studies demonstrated that large failure

strains can be obtained through (1) good adhesion of the film

to the substrate, (2) a low yield stress of the film, and (3) a

stable and uniform microstructure obtained by annealing.23

These factors inhibit strain localization and/or film debond-

ing and lead to larger failure strains. If the substrate has a

low melting temperature, however, annealing is not a viable

treatment and the adhesion of the film to the substrate is the

most important controlling factor. This paper will show that

Ag films evaporated onto acrylic-primer-coated PET sub-

strates can be stretched more than 70% without significant

increase in resistance, even without any heat treatment to sta-

bilize the microstructure.

II. EXPERIMENTAL

The polymer substrates used in this study were 12.7 lm

PI foils (Kapton 50HN
VR

by DuPont) and 12 lm PET foils

(Skyrol
VR

SH21 by SKC). The PET foils were coated on one

side with a proprietary acrylic primer. Ag films (380 and

600 nm) were deposited on both the PET and PI substrates

by electron-beam evaporation (EB500 series) at a rate of 1.5

Å/s. In order to evaluate the effect of the acrylic primer on

the tensile behavior, coatings were deposited on either the

primer side or the bare side of the PET foils. The tensile test

specimens were rectangular in shape with a gauge length L0

of 16 mm and a width of 1.0 mm patterned by a cutting plot-

ter (Graphtec FC8000). Tensile tests were performed at a

constant strain rate of 3.12� 10�4 s�1 using a custom-built

tensile tester with a 10 lm displacement resolution. The

electrical resistance of the film was measured during tensile

testing using a Keithley 2000 multimeter in a four-wire mea-

surement setup. At least five tensile tests were performed for
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each experimental condition. The variability in the resistance

data was generally smaller than the symbols used in the

graphs to represent the data.

The surface morphology and cross sections of deformed

and undeformed Ag films were characterized using a FEI

scanning electron microscope (SEM) and a FEI dual-beam

focused ion beam/scanning electron microscope (FIB/SEM).

The crystallographic texture of the films was measured using

electron backscatter diffraction (EBSD).

III. RESULTS

A. Effect of primer

In a first series of experiments, 380 nm Ag films depos-

ited on either bare PET or acrylic-primer-coated PET sub-

strates were tested to evaluate the effect of the primer on the

strain to failure of the samples. These results were compared

with Ag films deposited on PI. Both as-deposited and

annealed (2 h at 250 �C in a N2 ambient) samples were

tested.

1. Adhesion

The adhesion between the Ag films and the substrates

was compared qualitatively by performing tape tests (Two-

sided Tape No. 114 by 3M). Before applying the tape, the

samples were cleaned in acetone, methanol, and ethanol. Af-

ter the tape was affixed to a sample, a pressure of approxi-

mately 100 kPa was applied for 5 min and removed. At least

five tests were performed for each sample. Typical tape-test

results are shown in Fig. 1(a). PET substrates with primer

clearly showed the best adhesion with virtually no Ag

transferred to the tape. The same substrates showed slightly

reduced adhesion after annealing. For substrates without

primer, nearly all of the Ag film was transferred to the tape,

indicating poor adhesion.

2. Failure strain

Figure 2 shows typical resistance-elongation curves for

Ag films deposited on bare PET, acrylic-primer-coated PET,

and PI substrates along with the ideal resistance curve,15

R=R0 ¼ L=L0ð Þ2: (1)

This equation holds as long as there are no resistivity or vol-

ume changes during the experiment. Previous research on

Cu films15–17 has verified that a deviation of the experimen-

tal resistance from this curve indicates that cracks start to ini-

tiate on a large scale and this was also confirmed for the Ag

films in this study. The failure strain was defined as the strain

at which the measured resistance deviated from the theoreti-

cal value in Eq. (1) by more than 5%.

Comparing the results in Fig. 2(a), we observe that the

acrylic primer produces an increase in the strain to failure,

not surprising given that the primer improves the adhesion

of the Ag film [Fig. 1(a)]. An interesting feature of the

FIG. 1. (Color online) Tape-test results for (a) Ag coatings on PET sub-

strates and (b) Ag coatings on PI substrates.

FIG. 2. (Color online) As-deposited Ag on PET has a greater failure strain

than annealed Ag on PI. The failure strain of as-deposited Ag/PET with

primer is 22.1 6 0.6%, while the failure strain for Ag/PET without primer is

15.1 6 2.7%.

073511-2 Sim et al. J. Appl. Phys. 109, 073511 (2011)

Downloaded 17 Apr 2011 to 143.248.52.115. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



results is that the failure strain of Ag on acrylic-primer-

coated PET decreases after heat treatment. In fact, the re-

sistance curve of the heat-treated sample approaches that of

the Ag/PET sample without primer. Figure 2(b) compares

the resistance curve of the Ag on primer-coated PET with

the curves of various Ag/PI samples. The strain to failure of

Ag on PI substrates improves with annealing, but remains

below the failure strain of as-deposited Ag on primer-

coated PET. This result is consistent with the low adhesion

of the Ag films to the PI substrates [Fig. 1(b)]. The failure

strain of Ag/PI after annealing is still significantly smaller

than that for sputter-deposited Cu on PI,17 presumably

because evaporated films do not adhere as well as sputtered

films.24 As-deposited Ag films on primer-coated PET sub-

strates, however, have a strain to failure similar to that of

Cu films of the same thickness. FIB images [Figs. 3(a) and

3(b)] of both Ag/PET and Ag/PI samples reveal a relatively

uniform microstructure after annealing, which would nor-

mally improve the failure strain. Our experiments, however,

show that the failure strain of Ag on primer-coated PET

decreases after annealing, an indication of the importance

of the adhesion of the film.

B. Effect of film thickness

In order to evaluate the effect of the Ag film thickness

on the strain to failure, a series of tensile tests were per-

formed on 600 nm Ag films deposited on PET, both with and

without acrylic primer. Figure 4(a) compares typical resist-

ance curves for 380 and 600 nm films. The failure strain of

the 600 nm film on the primer-coated PET substrate exceeds

70%, a value greater even than the 60% failure strain

obtained by Lu et al.17 for annealed Cu films on PI.

IV. DISCUSSION

The trends in the failure strain observed in this study

make sense in light of the failure mechanism proposed by Li

and coworkers25,26 and Xiang et al.27 In this mechanism, the

failure of a ductile metal film on a substrate is the result of

the coevolution of film debonding and strain localization.

Large rupture strains can be achieved if a ductile metal film

is well bonded to a polymer substrate of sufficient stiffness,

as the substrate suppresses large local elongation. If the sub-

strate is very compliant (e.g., below 100 MPa), it no longer

provides sufficient support to impede strain localization.25 In

this context, PET with a Young’s modulus of approximately

3 GPa is a suitable substrate allowing large rupture strains.

Failure of the metal film is then controlled by the adhesion

between film and substrate, and by the thickness of the film.

As the film thickness decreases, its yield stress increases.28

Consequently, the level of stress supported by the film on de-

formation increases, as do the tractions exerted by the film

on the interface in the vicinity of any defects or discontinu-

ities. This in turn makes it easier to initiate debonding of the

film from the substrate allowing strain localization and ulti-

mately film failure. Increasing film thickness has the oppo-

site effect.17 As the film thickness decreases below 100 nm

or so, plasticity becomes increasingly difficult because of

dimensional constraints on dislocation activity. The high

level of stress supported by the film eventually triggers other

failure mechanisms such as grain boundary fracture, before

ductile failure occurs. As grain boundary fracture is a rela-

tively brittle failure mechanism, the elongation at failure is

small and no debonding is required.17 Thus, the beneficial

effect of the acrylic primer on the strain to failure is expected

to disappear for films in this thickness range.

SEM images of the failure morphology support this

mechanism: At strains below 70%, we observe incipient

strain localization and a few small cracks associated with

defects. As the strain increases beyond 70%, the strain local-

izations lead to crack formation [Fig. 4(b)]. Cross-section

FIG. 3. FIB images showing the effect of annealing on the microstructure of

Ag coatings on PET substrates: (a) as-deposited and (b) after annealing.

FIG. 4. (Color online) (a) Effect of

thickness on the resistance curve of an

as-deposited Ag coating on a PET sub-

strate; (b) SEM micrographs of the sur-

face of a Ag coating at different levels of

deformation.
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SEM micrographs clearly reveal both debonding and strain

localization as expected for this ductile mechanism [Fig.

5(a)]. EBSD scans [Fig. 5(b)] of regions containing micro-

cracks stretched beyond the failure strain also reveal grain

growth23,29–31 in areas where fracture occurred. Grain

growth promotes strain localization and reduces the strain to

failure,16 but this effect seems to be more than compensated

for by the strong adhesion of the films.

Often a Cr sticking layer is used to improve the adhesion

of a metal film to a substrate. One advantage of the acrylic

primer over a metallic sticking layer such as Cr is that the

primer is graft copolymerized onto the PET surface, which

enables it to stretch with the underlying PET substrate.32–35

As a result, acrylic-primer-coated PET substrates show elon-

gations over 100% without rupture. Cr sticking layers, on the

other hand, are intrinsically brittle and form channel cracks

at small strains.15 The effect of the brittle Cr interlayer on

the failure of the sample is illustrated in Fig. 6, which shows

the resistance as a function of stretch for a 600 nm Ag film

on a PI substrate, both with and without Cr adhesion layer.

The results show that the failure strain is lower for the Ag

with the Cr adhesion layer [Fig. 6(a)], even though Cr enhan-

ces the adhesion between the Ag and the PI [Fig. 1(b)].

Cross-sectional images of failure sites show through-thick-

ness cracks [Fig. 6(b)] without severe local thinning or

debonding [Fig. 5(a)]. We suggest that these cracks initiate

in the brittle Cr layer and then propagate to the surface

through the Ag film, greatly reducing the strain to failure.

V. CONCLUSIONS

In summary, we have measured the failure strain of Ag

films evaporated onto PET and PI substrates. As-deposited

Ag films on acrylic-primer-coated PET substrates show a

gradual increase in resistance without fracture for strains as

large as 70%, depending on the thickness of the Ag film.

Annealed Ag films on primer-coated PET substrates or as-

deposited films on bare substrates show a reduced strain to

failure. These results correlate with the interfacial adhesion

between film and substrate. The results of this study show

that acrylic-primer-coated PET may be a suitable substrate

for use in flexible electronics where the optical properties of

the substrate are important.

ACKNOWLEDGMENTS

This work was supported by a National Research Foun-

dation of Korea (NRF) grant funded by the South-Korean

government (MEST) (No. 2010-0026884). G.-D.S. and

J.J.V. acknowledge support from the National Science Foun-

dation under Grant No. DMR-0906892. The authors are

grateful to Hak-Joo Lee and Jae-Hyun Kim at KIMM (Korea

Institute of Machinery & Materials) for the use of the micro-

tensile tester.

1V. Shamanna, S. Das, Z. Celik-Butler, and K. L. Lawrence, J. Micromech.

Microeng. 16, 1984 (2006).
2F. Jiang, G.-B. Lee, Y.-C. Tai, and C.-M. Ho, Sens. Actuators A 79, 194

(2000).
3S. R. Forrest, Nature (London) 428, 911 (2004).
4H. Gleskova, I.-C. Cheng, and S. Wagner, Sol. Energy 80, 687 (2006).
5S. Wagner, S. P. Lacour, J. Jones, P. I. Hsu, J. C. Strum, T. Li, and Z. Suo,

Physica E 25, 326 (2005).
6M. Kawamura, D. Fukuda, Y. Inami, Y. Abe, and K. Sasaki, J. Vac. Sci.

Technol. A 27, 975 (2009).
7J. R. Greer and R. A. Street, J. Appl. Phys. 101, 103529 (2007).
8M. J. Kobrinsky and C. V. Thompson, Appl. Phys. Lett. 73, 2429 (1998).

FIG. 5. (Color online) (a) Cross-sectional SEM image of a crack in a 380

nm Ag film on PET; (b) Plan-view SEM micrograph of a crack and the cor-

responding EBSD crystal orientation map showing grain growth during

crack formation. The EBSD indexing rate is low due to extensive plastic de-

formation and grain rotation, and only grains with more than two indexed

pixels are shown.

FIG. 6. (Color online) (a) Resistance as a function of stretch for 600 nm Ag/

PI samples with and without Cr sticking layer. (b) Cross-section SEM of a

failure site in a 600 nm Ag/Cr/PI sample.

073511-4 Sim et al. J. Appl. Phys. 109, 073511 (2011)

Downloaded 17 Apr 2011 to 143.248.52.115. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1088/0960-1317/16/10/010
http://dx.doi.org/10.1088/0960-1317/16/10/010
http://dx.doi.org/10.1016/S0924-4247(99)00277-0
http://dx.doi.org/10.1038/nature02498
http://dx.doi.org/10.1016/j.solener.2005.10.010
http://dx.doi.org/10.1016/j.physe.2004.06.032
http://dx.doi.org/10.1116/1.3071968
http://dx.doi.org/10.1116/1.3071968
http://dx.doi.org/10.1063/1.2735404
http://dx.doi.org/10.1063/1.122471


9H. Huang, D. Y. W. Yu, M. Verdier, and F. Spaepen, Int. J. Fract. 119,

359 (2003).
10Y. Cao, S. Allameh, D. Nankivil, S. Sethiaraj, T. Otiti, and W. Soboyejo,

Mater. Sci. Eng., A 427, 232 (2006).
11A. V. Panin, A. R. Shugurov, and K. V. Oskomov, Phys. Solid State 47,

2055 (2005).
12R. Schwaiger and O. Kraft, Acta Mater. 51, 195 (2003).
13J. Jing, Mater. Today 9, 46 (2006).
14C. Chang, L.-D. Wang, Y. Li, L. Duan, and Y. Qiu, Chin. Phys. Lett. 21,

744 (2004).
15N. Lu, X. Wang, Z. Suo, and J. J. Vlassak, Appl. Phys. Lett. 91, 221909

(2007).
16N. Lu, X. Wang, Z. Suo, and J. J. Vlassak, J. Mater. Res. 24, 379 (2009).
17N. Lu, Z. Suo, and J. J. Vlassak, Acta Mater. 58, 1679 (2010).
18R. R. Keller, J. M. Phelps, and D. T. Read, Mater. Sci. Eng., A 214, 42

(1996).
19H. Huang and F. Spaepen, Acta Mater. 48, 3261 (2000).
20Y. Xiang, X. Chen, and J. J. Vlassak, Thin Films: Stresses and Mechanical

Properties IX, MRS Symposia Proceedings No. 659 (Materials Research

Society, Pittsburgh, 2002), p. L4.9.
21H. D. Espinosa, B. C. Prorok, and M. Fischer, J. Mech. Phys. Solids 51, 47

(2003).

22H. J. Lee, P. Zhang, and J. C. Bravman, J. Appl. Phys. 93, 1443 (2003).
23C. V. Thompson, Annu. Rev. Mater. Sci. 30, 159 (2000).
24M. J. Madou, Fundamentals of Microfabrication: The Science of Miniatur-

ization (CRC, Boca Raton, 2002).
25T. Li, Z.Y. Huang, Z. Suo, S.P. Lacour, and S. Wagner, Appl. Phys. Lett.

85, 3435 (2004).
26T. Li and Z. Suo, Int. J. Solids Struct. 44, 1696 (2007).
27Y. Xiang, T. Li, Z. Suo, and J. J. Vlassak, Appl. Phys. Lett. 87, 161910

(2005).
28Y. Xiang and J. J. Vlassak, Acta Mater. 54, 5449 (2006).
29D. S. Gianola, S. Van Petegem, M. Legros, S. Brandstetter, H. Van Swy-

genhoven, and K. J. Hemker, Acta Mater. 54, 2253 (2006).
30M. McLean and B. Gale, Philos. Mag. 20, 1033 (1969).
31E. M. Zielinski, R. P. Vinci, and J. C. Bravman, Appl. Phys. Lett. 67, 1078

(1995).
32C. He and Z. Gu, Radiat. Phys. Chem. 68, 873 (2003).
33J. Sun, L. Yao, Z. Q. Gao, S. J. Peng, C. X. Wang, and Y. P. Qiu, Surf.

Coat. Technol. 204, 4101 (2010).
34Y.-W. Song, H.-S. Do, H.-S. Joo, D.-H. Lim, S. Kim, and H.-J. Kim,

J. Adhes. Sci. Technol. 20, 1357 (2006).
35J. K. Wang, X. Y. Liu, and H.-S. Choi, J. Polym. Sci., Part B: Polym.

Phys. 46, 1594 (2008).

073511-5 Sim et al. J. Appl. Phys. 109, 073511 (2011)

Downloaded 17 Apr 2011 to 143.248.52.115. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1023/A:1024971611826
http://dx.doi.org/10.1016/j.msea.2006.04.080
http://dx.doi.org/10.1134/1.2131144
http://dx.doi.org/10.1016/S1359-6454(02)00391-9
http://dx.doi.org/10.1016/S1369-7021(06)71447-X
http://dx.doi.org/10.1088/0256-307X/21/4/044
http://dx.doi.org/10.1063/1.2817234
http://dx.doi.org/10.1557/jmr.2009.0048
http://dx.doi.org/10.1016/j.actamat.2009.11.010
http://dx.doi.org/10.1016/0921-5093(96)10253-7
http://dx.doi.org/10.1016/S1359-6454(00)00128-2
http://dx.doi.org/10.1016/S0022-5096(02)00062-5
http://dx.doi.org/10.1063/1.1532933
http://dx.doi.org/10.1146/annurev.matsci.30.1.159
http://dx.doi.org/10.1063/1.1806275
http://dx.doi.org/10.1016/j.ijsolstr.2006.07.022
http://dx.doi.org/10.1063/1.2108110
http://dx.doi.org/10.1016/j.actamat.2006.06.059
http://dx.doi.org/10.1016/j.actamat.2006.01.023
http://dx.doi.org/10.1080/14786436908228071
http://dx.doi.org/10.1063/1.114455
http://dx.doi.org/10.1016/S0969-806X(03)00296-2
http://dx.doi.org/10.1016/j.surfcoat.2010.05.038
http://dx.doi.org/10.1016/j.surfcoat.2010.05.038
http://dx.doi.org/10.1163/156856106778456564
http://dx.doi.org/10.1002/polb.21496
http://dx.doi.org/10.1002/polb.21496

	s1
	s2
	cor1
	s3
	s3A
	s3A1
	s3A2
	E1
	F1
	F2
	s3B
	s4
	F3
	F4
	s5
	B1
	B2
	B3
	B4
	B5
	B6
	B7
	B8
	F5
	F6
	B9
	B10
	B11
	B12
	B13
	B14
	B15
	B16
	B17
	B18
	B19
	B20
	B21
	B22
	B23
	B24
	B25
	B26
	B27
	B28
	B29
	B30
	B31
	B32
	B33
	B34
	B35

