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Metal interconnects in flexible and wearable devices are heterogeneous metal-polymer systems that

are expected to sustain large deformation without failure. The principal strategy to make strain tol-

erant interconnect lines on flexible substrates has comprised of creating serpentine structures of

metal films with either in-plane or out-of-plane waves, using porous substrates, or using highly duc-

tile materials such as gold. The wavy and helical serpentine patterns preclude high-density packing

of interconnect lines on devices, while ductile materials such as Au are cost prohibitive for real

world applications. Ductile copper films can be stretched if bonded to the substrate, but show high

level of cracking beyond few tens of % strain. In this paper, we demonstrate a material system con-

sisting of Indium metal film over an elastomer (PDMS) with a discontinuous Cr layer such that the

metal interconnect can be stretched to extremely high linear strain (up to 100%) without any visible

cracks. Such linear strain in metal interconnects exceeds that reported in literature and is obtained

without the use of any geometrical manipulations or porous substrates. Systematic experimentation

is carried out to explain the mechanisms that allow the Indium film to sustain the high strain level

without failure. The islands forming the discontinuous Cr layer are shown to move apart from each

other during stretching without delamination, providing strong adhesion to the Indium film while

accommodating the large strain in the system. The Indium film is shown to form surface wrinkles

upon release from the large strain, confirming its strong adhesion to PDMS. A model is proposed

based upon the observations that can explain the high level of stretch-ability of the Indium metal

film over the PDMS substrate. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4929605]

The proliferation of ‘smart’ wearable devices is pre-

dicted to lead to the “Internet of Things” (IoT) revolution

over the next two decades. The examples of such devices

include flexible displays,1–4 robotic skin,5 stretchable cir-

cuits,6 hemispherical electronic eye,7 epidermal electronics,8

cardiac sensors, and diagnostic contact lens.9 Flexible elec-

tronic platforms typically require that its components be con-

nected with each other on a flexible substrate using metallic

interconnects. The design and manufacturing of such inter-

connects that have high spatial density and can be reliably

stretched to large strains has become one of the most critical

challenges for the IoT revolution. The essential requirements

for the interconnect system include strain compatibility of

components at the interfaces, minimal increase in resistivity

under stretching, and recovery of the resistivity once the

strain is released. In addition, any geometrical manipulation

to accommodate deformation must be compatible with the

interconnect density demanded by the industry.10,11 The cur-

rent methods to improve interconnect stretch-ability include

creating serpentine structures of metal films12–20 or non-

planar buckling structures.21–24 However, thin Cu films often

delaminate from polymers during straightening of the ser-

pentines.18,19,25,26 Furthermore, Cu films on polyimide show

severe cracking at strains above �20%, even when strongly

bonded to the substrate.27 Thin Au films on elastomers have

been stretched in excess of 20% when the metal-substrate

interface is intact,28–31 but for many applications Au is pro-

hibitively expensive. In general, thin films on elastomers

may be stretched somewhat beyond their bulk counterparts

due to suppression of necking instability.27,32–34 A porous

elastomer substrate may also enhance the stretch-ability of

metal films,35 although such substrates are not being consid-

ered in the electronics industry.

In the current work, we demonstrate a material system

with interconnect stretch-ability of the interconnect film with

linear strain close to 100% without failure. The system

includes Indium over PDMS, with a discontinuous interlayer

of Cr. The failure occurs in PDMS unrelated to the Indium

film, indicating that the interconnect stretch-ability obtained

in the current work is limited by that of the substrate. The

mechanisms that allow such a high stretch-ability are shown

to include the high plastic deformation of Indium and the

movement of the cracked Cr islands during stretching.

Indium was used as the interconnect material since it

has a low tensile yield strength (0.8–1.19 MPa) and high duc-

tility (50–70%) at a strain rate of 9� 10�5 s�1 at room tem-

perature.36 It should also be noted that it creeps rapidly and

also recrystallizes at room temperature, potentially relieving

the interconnect stress. Polydimethylsiloxane (PDMS) was

chosen as the substrate material because of its high deform-

ability, chemical stability, and biocompatibility. PDMS was

prepared using Sylgard 184 Silicone Elastomer Kit with the

elastomer and the curing agent (10:1 ratio by weight, respec-

tively) were thoroughly mixed using a stirrer, followed by

20 min of debubbling (Cole-Parmer Ultrasonic Bath) and
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curing for 3 h at 80 �C. The PDMS surface was treated with

100 W atmospheric oxygen plasma for 1 min (Surfx Atomflo

400). Large PDMS blocks (0.30 mm thick) were prepared

and cut into a planar dog-bone shape to facilitate stretching.

A thin layer of Cr (3–5 nm) followed by an Indium film of

about 1 lm thickness was deposited using magnetron

sputtering (BOC Edwards Auto 306) at ambient chamber-

temperature, without actively heating or cooling the

substrate. The sputtered In film served as a seed-layer and

provided electrical continuity for subsequent electrodeposi-

tion of In on the discontinuous (i.e., cracked) Cr film. Indium

film of about 5 lm was then electroplated using an Indium

Sulfamate bath (Indium Corporation, USA). The total thick-

ness of the Indium was confirmed using a scanning white

light interferometer (Zygo NewView 6300). The Indium film

was deposited in a rectangular pattern with a length of about

17.5 mm and a width of about 9 mm. The choice of the

Indium thickness was driven by the requirements of the

microelectronics industry.11 Electroplating was conducted at

room temperature. The PDMS samples were of dog-bone

geometry with the metal film at the center, as shown in

Figure 1. The samples were stretched at a constant displace-

ment rate of �0.035 mm/s, which is equivalent to a strain

rate of �1.3 � 10�3 s�1 on In film. The strain values corre-

spond to the linear strain in the Indium film and were verified

by the location of the fiducial marks on the Indium film sur-

face during stretching. The resistance of the film was meas-

ured in situ during testing by the 4-wire method.

Figure 1 shows images of Indium on PDMS when the

PDMS is stretched (a, b) and after breakage of the sample

(c). Ink markers on the film were used to directly measure

the strain experienced by the film. The maximum strain

obtained in Fig. 1 is about 91%. A total of 17 samples were

tested to failure. The strain to failure obtained had a mean of

79.1% and a standard deviation of 9.09%. The maximum

strain value obtained was 106%. The failure occurred in the

PDMS rather than in the film in all cases. See supplemental

material37 for a sample image after failure (Figure S1), a his-

togram of strain-to-failure data (Figure S2), and a video of

the stretching of one of the samples. During stretching, exist-

ing defects such as micro-cracks and pinholes appeared to

enlarge, but collapsed following unloading. No obvious signs

of permanent cracking were observed.

Since volume is conserved during plastic deformation,38

the film resistance increases due to increase in the film length

and the resulting decrease in the cross section area. If the

film forms defects (e.g., micro-cracks), there is an additional

increase in the resistance. The resistivity, q also increases

due to both plasticity and defects, and is given by

q
qo

¼ R

Ro

Lo

L

� �2

; (1)

where qo, Lo, and Ro are the initial values of resistivity, con-

ductor length and resistance, and q, L, and R are the instanta-

neous values of the same quantities, respectively. Here, q
represents the effective resistivity, and any deviation of q=qo

from unity represents the combined effects of plasticity and

defect formation. Figure 2(a) shows the resistance and resis-

tivity changes of an Indium film during stretching to about

90%, which led to failure of the PDMS outside the Indium

film. For the sample in Fig. 2(a), the resistance rises to about

6 times the initial value, whereas the resistivity climbs to

about 1.7 times. The rise in resistivity clearly suggests plastic

deformation, and possibly, some damage accumulation.

However, after a strain of about 30%, the leveling of the re-

sistivity curve despite continued plasticity suggests that there

are ongoing recovery processes that limit the growth of

resistivity-enhancing dislocations and other defects. Figures

2(b) and 2(c) show the resistance and resistivity changes dur-

ing 2 complete loading-unloading cycles for a sample that

was stretched to �80%. Since abrupt failure of the PDMS

results in detachment/movement of the electrical leads,

FIG. 1. A 6 lm thick Indium film on a

�0.30 mm thick PDMS substrate (a)

before stretching, (b) loaded to �91%

strain, (c) after failure of the substrate

(unrelated to the Indium film). The

Indium film shows no indication of

external cracking throughout the

experiment. (Multimedia view) [URL:

http://dx.doi.org/10.1063/1.4929605.1]

FIG. 2. (a) The change in the resistance of the film and the relative increase in

film resistivity for an Indium film on PDMS (with a discontinuous Cr inter-

layer) stretched to about 90% strain. (b) Relative change in resistance for two

cycles of in situ loading and unloading on an Indium film over PDMS up to

�80% film strain. (c) Resistivity change for the cycled sample shown in (b).
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resistance measurements during cycling were conducted on

samples loaded to well below the substrate fracture strain.

Furthermore, since PDMS undergoes significant inelastic

extension, the substrate sags (i.e., curves) instead of contract-

ing when the tensile-grip separation approaches that equiva-

lent to zero strain. As a result, the samples were not

unloaded below �5% strain during cycling. It is observed

that during elastic deformation during initial loading, R=Ro

and q=qo remain roughly constant, followed by an increase

as plasticity begins. As observed in Fig. 2(a), a slope-change

is seen in the resistivity curve around a strain of 30%. This

suggests that either recovery or dynamic recrystallization

limits the growth of dislocation density, or that further plas-

ticity is concentrated near expanding defects (e.g., micro-

cracks), which limits the increase of plastic strain in the rest

of the film. Both cycles result in hysteresis of R=Ro and

q=qo, with net increases in both R and q following each

cycle. It is noted that during the initial part of the second

cycle, resistivity does not rise, since elongation occurs by

straightening of wrinkles on the film instead of by plasticity.

The formation of wrinkles will be discussed subsequently.

However, once the wrinkles are straightened, q=qo rises at

the same rate as in the first cycle, but without showing the

relief due to recovery at larger strains. The cause of this

effect, which has been observed in multiple samples, is not

understood and needs further investigation. The unloading

curves during both cycles have very similar slopes, since the

dislocation density induced during loading remains

unchanged during unloading.

The strain induced in this work is substantially larger

than the strain to fracture of bulk Indium,36 suggesting a

mechanism that suppresses strain localization, thereby inhib-

iting necking and failure of the film. To shed light on this

mechanism, we deposited a Cr film of about 3–5 nm thick-

nesses on the PDMS. The as-deposited Cr film showed

irregular channel cracks as shown in Figure 3(a). Cracking

of Cr films deposited on the elastomer substrates has been

observed before,31,33 and in this instance, can be attributed to

in-situ heating during deposition, coupled with the much

greater thermal expansion coefficient of the underlying sub-

strate, which places the Cr in biaxial tension37 as it is being

deposited. The distance between the cracks is about 2–10

lm, while that for cracks with larger spacing is about

20–100 lm.

The PDMS with overlying Cr film was then stretched up

to about 39% strain and the same location was imaged under

an optical microscope to observe if additional cracks are

formed and/or the existing channel cracks widen. The optical

images of the cracks at different strain are shown in Figures

3(a)––3(c), respectively, for in-plane loading in the horizon-

tal direction. Clearly, the distance between the Cr islands has

increased during elongation. Fig. 3(c) shows wrinkles in the

direction perpendicular to the loading, indicating a contrac-

tion in the normal direction due to the Poisson effect. Figure

3(d) shows the same location after relaxation from �39%

strain. Comparing Figs. 3(a) and 3(d), it is clear that the Cr

does not show significantly large amount of additional crack-

ing (a comparison of Figs. 3(a) and 3(d) reveal only a few

new cracks normal to the loading direction). Further, no evi-

dence of delamination of the Cr from PDMS is noted. This

demonstrates that Cr remains well bonded to PDMS through-

out the experiment, and that widening of the existing Cr-

cracks enables the PDMS to be stretched to a large strain.

Under large strain (Fig. 1(b)), the Indium film is

expected to have undergone elastic-plastic deformation,

while the PDMS elastomer is expected to be under elastic,

viscoelastic, and plastic deformation. Upon release, the elas-

tic and viscoelastic recovery of the PDMS are expected to be

much higher than those for the Indium. Such inherent incom-

patibility of a relatively stiff elastic film and a compliant

FIG. 3. Microscopic images of

cracked Cr layer (�3–5 nm) on

Plasma Treated PDMS under

different strain levels. The

stretching was done for in-plane

loading in horizontal direction.

(a) Before stretching (b) at

8.3% strain (c) at 38.5% strain

and (d) strain released state.

The images were taken under

same locations so as to spot

additional visible changes to the

surface while under strain and

after releasing strain.

Comparing the images before

and after strain, it indicates that

Cr does not form significantly

higher amount of extra cracks.
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elastomer is well documented and results in the formation of

surface wrinkles.39 Figure 4 shows the SEM micrograph of

the film prior to stretching (Fig. 4(a)) and after release (Fig

4(b)) from maximum strain. Fig. 4(a) shows the as-deposited

Indium surface with columnar grains of 2.5–3.5 lm diame-

ter. Upon stretching to about 100% strain and subsequent

release, the Indium film has formed wrinkles perpendicular

to the loading direction, as seen in the SEM micrograph of

Fig. 4(b). The surface profile of a region about 280� 210

lm in area is shown in Fig. 4(c), where the wrinkles are

clearly evident with a wavelength of 18–20lm and an ampli-

tude of 2–4 lm. The profile normal to the wrinkles gives a

root mean square (RMS) roughness of 2 lm and Ra value of

1.66 lm (Fig. 4(d)). To determine if the underlying PDMS

has also wrinkled with the film, the Indium was etched out

using 4-nitrophenol and NaOH solution. The resulting

PDMS surface also showed wrinkles, indicating that the

PDMS wrinkles along with the Indium film. However, it was

difficult to establish if the Indium film remains fully bonded

to the PDMS-Cr structure underneath during deformation,

especially at the crest of the wrinkles. Furthermore, we were

unable to establish a direct correlation between the Indium

wrinkle patterns and the underlying cracked Chromium layer

as the Indium film is not transparent to make these observa-

tions possible. Once the wrinkles are formed during the first

cycle, significant strain can be obtained during subsequent

loading simply by straightening them, thereby minimizing

the need for plastic deformation during subsequent cycles.

As discussed earlier, straightening of the wrinkles prevents

an increase in q=qo during the initial stages of the second

cycle, although in the latter stages it increases. It is hypothe-

sized that one way to reduce the observed resistivity-rise dur-

ing subsequent cycles would be to produce wrinkles of larger

amplitude during the first cycle. This can be accomplished

by placing the PDMS under tension during Indium deposi-

tion, and will be the subject of future work.

Below we discuss the possible mechanisms that allow

the high stretch-ability of Indium films on PDMS (Figure

5(a)–5(c)).

(i) In the un-stretched state, the Cr film, in its cracked

state, strongly adheres with the PDMS on one side

and Indium film on the other side (Fig. 5(a)).

(ii) As PDMS is stretched, the Cr maintains its adhesion

with the underlying PDMS as well as the overlying

Indium film, and the Cr channel cracks widen to

accommodate the deformation (Fig. 5(b)). The authors

believe that the Indium layer is strained largely

between the Cr-islands, with less strain accruing in the

regions above the Cr-islands. The mechanism of strain

accommodation needs to be further studied via in situ

strain mapping during stretching in the SEM.

(iii) The Indium film undergoes elastic-plastic deforma-

tion during stretching and yields at low stress and

strain (at few MPa stress and <2% strain).36 The

necking instability of Indium is expected to be

delayed if it is bonded well to a substrate.33 Further

studies are needed to identify if the Indium film

recrystallizes or undergoes creep deformation since

the T/Tm for Indium is about 0.69 at 25 �C.

FIG. 4. SEM images of depos-

ited metal film before (a) and af-

ter (b) stretching from

maximum strain. (c) Optical

Profilometer image (Zygo

Newview) of about 280� 210

lm size. (d) Height vs Distance

graph at different points on the

film surface. The wrinkles

formed normal to the loading

direction produces wavelength

of 18–20 lm and amplitude of

2–4 lm.

FIG. 5. Schematic of the mechanisms allowing the high stretch-ability of the

Indium film over PDMS. (a) Indium film over PDMS with an interlayer of

cracked Cr and (b) PDMS in stretched state. The widening of the Cr channels

accommodates the deformation at the interface and (c) upon release of the strain,

the PDMS undergoes large elastic and viscoelastic recovery, while the Indium

film cannot recover the large plastic deformation accrued during loading. This

incompatibility in the contraction leads to characteristic surface wrinkles.
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(iv) Upon release of the strain, the PDMS shrinks to close to

its original length via elastic recovery and viscoelastic

deformation. The plastically extended Indium film can-

not shrink as much, and therefore produces wrinkles on

the surface to accommodate the contraction of PDMS

(Figs. 4(b), 4(c), and 5(c)). The low stiffness of PDMS

relative to In (EPDMS� 1.32–2.97 MPa,40 Elastic

Modulus in tension� 12.74 GPa (Ref. 41)) makes its

surface conform to the wrinkles in In, resulting in a

wavy PDMS surface with the same periodicity as that

of the In film (although it is unclear whether In film de-

coheres from the Cr/PDMS).

In summary, we have created highly stretchable Indium

interconnect films on PDMS using cost effective methods such

as PVD and electroplating. The level of stretch-ability of dem-

onstrated in the current work without any geometric manipula-

tions (e.g., creating helical or serpentine geometry) has not

been reported to date. Further, the observation of the maximum

strain of 70–100% without failure was limited by the failure of

the PDMS substrate (see supplemental material37 for a sample

image after failure, Figure S1). As a result, the maximum

strain to failure of the Indium film is as yet unknown. It is

shown that the Cr islands over PDMS move away from each

other while remaining strongly bonded to the PDMS under the

high strain, providing adhesion and strain accommodation for

the Indium film. The Indium film is shown to form surface

wrinkles upon release from the large strain, confirming its

strong adhesion to PDMS. These wrinkles reduce the need for

plastic deformation during subsequent loading, thereby impart-

ing additional stretch-ability during subsequent cycles.

Resistance measurements during cyclic straining showed hys-

teresis in both resistance and the effective resistivity, both of

which rose following cycling, possibly due to introduction or

enlargement of defects. Further research is necessary to opti-

mize the deposition conditions and microstructure to minimize

this effect. We also note that the methods used in the current

work are compatible with the processes used in the electronics

industry, making these results important for the emerging areas

of flexible electronics and wearable devices.
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