Inorganic islands on a highly stretchable polyimide substrate
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For a flexible electronic device integrating inorganic materials on a polymer substrate,
the polymer can deform substantially, but the inorganic materials usually fracture at small
strains. This paper describes an approach to make such a device highly stretchable. A
polyimide substrate is first coated with a thin layer of an elastomer, on top of which SiN,
islands are fabricated. When the substrate is stretched to a large strain, the SiN, islands
remain intact. Calculations confirm that the elastomer reduces the strain in the SiN,

islands by orders of magnitude.

I. INTRODUCTION

Flexible electronic devices may experience one-time
or repeated large deformation during manufacture or in
service."”” Such a device often integrates a polymer sub-
strate with diverse inorganic materials, such as semicon-
ductors, metals, and ceramics. While the polymer can
deform substantially, the inorganic materials usually
fracture at strains below ~1%.% Consequently, the de-
vice is stretchable only when the polymer and the inor-
ganic materials are suitably integrated. Examples
include inorganic islands™ "' and buckled inorganic
films'*'? on polymer substrates.

This paper focuses on inorganic islands on a polymer
substrate. For example, islands of diamond-like carbon
on an elastomeric (PDMS) substrate remain intact when
the substrate is stretched beyond 25%.° Some applica-
tions may require substrates much stiffer than PDMS,
but SiN, islands on much stiffer polyimide (PI) sub-
strates crack and debond when the substrates are
stretched by only a few percent. 1415 These two examples
illustrate a trade-off between the stiffness of the sub-
strate and the stretchability of the structure.
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Here we demonstrate that, when a thin layer of PDMS
is sandwiched between the polyimide substrate and the
SiN, islands, the substrate can be stretched beyond
20% without causing the islands to crack or debond.
The PDMS interlayer behaves as a buffer, isolating the
islands from most of the strain of the substrate. The
resulting SiN,/PDMS/PI structure is both stretchable
and relatively stiff.

Il. EXPERIMENTAL

We fabricated two sets of specimens, SiN,/PI and
SiN,/PDMS/PI, using the lift-off technique illustrated
in Fig. 1(a). The substrates for the SiN,/PI specimens
were 25 pm thick Upilex-S (UBE Industries, Tokyo,
Japan), while the substrates for the SiN,/PDMS/PI speci-
mens were 70 pm thick Kapton-E (DuPont, Wilmington,
DE). Compared to Upilex-S, Kapton-E has a slightly
lower Young’s modulus but a somewhat larger strain to
failure. All the PI foils were ultrasonically cleaned with
methanol and acetone, and then attached to a 3 mm thick
Al plate using double-sided tape. These bonded samples
were then pressed in vacuum for 24 h to remove bubbles
between the PI foil and the Al plate.

The PDMS (Sylgard 184, Dow Corning, Midland, MI)
was prepared by mixing a silicone gel and a crosslinker
in a 10:1 ratio by weight. A 10 pm thick PDMS layer was
then spin-coated on top of the Kapton-E. The specimens
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FIG. 1. (a) Fabrication sequence showing two sets of polyimide-supported island arrays in cross section: SiN,/PI and SiN,/PDMS/PL
(b) Schematics of the in situ uniaxial tensile test. (c) A picture of our homemade screw-driven tensile tester.

were degassed in vacuum for 20 min, and cured for 1 h at
80 °C. The surface of the PDMS was made hydrophilic
by treating it for 20 s with an O, plasma in a micro-
stripper (Series 220, Technics, Danville, CA) using a
power of 75 W.

A 3.2 pm thick positive photoresist (S1818, Micro-
posit Shipley, Marlborough, MA) was spin-coated on
top of the Upilex-S and PDMS/Kapton-E. The coated
samples were baked for 2 min at 115 °C and then ex-
posed through a Cr mask using an MJB4 mask aligner
(SUSS MicroTec, Garching, Germany). The samples
were developed in MF-319 photoresist developer
(Microposit), rinsed in DI water for 1 min, and dried
with N, gas. The substrates were then cut into 7 mm x
60 mm rectangular strips and 500 nm SiN, films were
deposited by chemical vapor deposition (CVD) in an
NEXX system, with a base pressure of 5 X 10°¢ Torr
and a working pressure of 10 mTorr. The microwave
power was 265 W and the substrate temperature was
held constant at 22 °C. The gas flow rates for 3% SiH,
(balance Ar), N,, and Ar were 40, 5.8, and 20 sccm
respectively. Finally, the SiN, coatings were patterned
by stripping the extra SiN, along with the remaining
photoresist in acetone. At the same time, the samples
were detached from the Al plate. Islands of various sizes
were used, L = 40 pm, 80 pm, 120 pm, or 200 pm. The
island thickness # = 500 nm and island period S/L = 1.5
were the same for all specimens.

The specimens were stretched in a screw-driven tensile
device [Figs. 1(b) and 1(c)]. The specimens were mounted
with a 5 mm x 5 mm square array of islands at the center
to ensure that the arrays were subjected to uniform tensile
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strain. To reduce sliding between the specimens and the
grips, two polymer tubes were attached to the samples
with epoxy glue as shown schematically in Fig. 1(b). All
tensile tests were performed in situ under an optical micro-
scope with a CCD camera. The applied strains were
measured directly on the recorded micrographs.

lll. RESULTS AND DISCUSSION

Micrographs of the deformed islands are shown in
Fig. 2. Islands on all SiN,/PI samples rupture at small
strains. For samples with an island size of 200 um, for
instance, cracks first appear perpendicular to the tensile
direction after an applied strain of 0.5%. As shown in
Fig. 2(a), all islands are fractured at an elongation of
0.8%. If we reduce the island size, this strain-to-fracture
increases slightly. For example, 40 pm SiN, islands start
to crack when the substrate is stretched 0.9%. As shown
in Fig. 2(b), all 40 pm islands have either cracked or
debonded at an elongation of 2.1%.

By contrast, SiN,/PDMS/PI samples can be stretched
to much larger strains. For samples with an island size
of 200 pm, no cracking or debonding is observed in the
islands after the sample is stretched by 20%, as shown
in Fig. 2(c). Upon further stretching, islands start to wrin-
kle due to the compressive transverse strain. Eventually,
cracks appear in the islands at an elongation of 24.7%, as
shown in Fig. 2(d). Island rupture can be completely sup-
pressed by decreasing island size. It was impossible to
fracture islands smaller than 200 pm because the PI sub-
strates ruptured at elongations of about 30%. This pro-
nounced effect of the PDMS interlayer is also shown in
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FIG. 2. Samples stretched horizontally: (a) SiN,/PI, L =200 pm, €, =
0.8%, all islands have channel cracks. (b) SiN,/PL, L = 40 pm, €.y, =
2.1%, most islands are cracked but a few are debonded. (c) SiN,/PDMS/
PIL, L =200 um, g,pp1 = 19.6%, all islands are intact. (d) SiN.,/PDMS/PI,
L =200 pm, g,pp1 = 24.7%, islands are wrinkled and cracked.
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FIG. 3. The accumulated fraction of cracked islands is plotted as a
function of the applied strain.

Fig. 3, which plots the accumulated fraction of cracked
islands as a function of applied strain.

Using the commercial finite element code ABAQUS
(Simulia, Providence, RI), we have established a 3D mod-
el of a unit cell of the periodic island lattice. Schematics of
the top and side views of the model are shown in Fig. 4.
Because of symmetry, only one quarter of the unit cell was
modeled, as represented by the shaded area in Fig. 4(a).
We modeled the islands, the interlayer, and the substrate
as homogeneous, isotropic linear elastic materials with
Young’s moduli Esjn = 200 GPa, Eppys = 1 MPa, and
Ep; = 9.2 GPa, as well as Poisson’s ratios vgjn = Vpr = 0.3
and Vppums = 0.48.1518 The assumption of linear elasticity
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is quite good for the PDMS over the range of deformations
considered here.'® The behavior of the Pl is not as linear as
that of the PDMS, but the precise PI stress-strain relation-
ship has virtually no effect on the strain distributions in the
PDMS layer and the SiN, islands, because the PI is so
much stiffer than the PDMS. A uniform displacement u,,,p
was applied to the substrates in the x,-direction, that is, the
applied strain was given by €,pp1 = 2Uppi/S.

The maximum tensile strain in the island, €,,,,, occurs
at the center of the island edge, as labeled in Fig. 4(a).
Figure 5 plots ratios of the maximum strain in the island to
the applied strain €, obtained from the simulations as a
function of the island size. The maximum strain drops
substantially when PDMS is introduced between the
islands and the substrates. The simulations also show that
the smaller islands experience smaller strains, but the ef-
fect is much more pronounced if the PDMS is introduced.

Assume that islands fracture when €,,,, reaches a crit-
ical value g, = 0.6%. If we define the strain to failure, ¢,
as the applied strain at which 50% of the islands are
cracked, then g./g, can be plotted for the experiments
and directly compared with the simulation results. For
SiN,/PI specimens with various island sizes, the experi-
mental and corresponding FEM results are of the same
order of magnitude. Compared to SiN,/PI specimens,
strains in islands on SiN,/PDMS/PI specimens are much
smaller, which confirms our previous claim that the
large stretchability of SiN,/PDMS/PI specimens is due
to the reduced strains in the islands. The assumption that
all islands crack whenever €,,,x = &, independent of
island size or thickness, is admittedly somewhat simplis-
tic. This criterion only provides the correct order of
magnitude when the FEM simulations are compared
with the experiments. We will perform a more careful
analysis of crack nucleation taking flaw size distribu-
tions into consideration in a future paper.

The strain in the islands on the PDMS interlayer can
also be calculated using a simple shear-lag model.?® The
detailed derivation is provided in the appendix. Accord-
ing to this model,

Emax _ 4 1

ppl  cosh(L)

A~ EsinHh _ 2)
HppMms

Here p is the shear modulus and H is the thickness of
the interlayer. Equation (1) is plotted as the dashed curve
in Fig. 5. The prediction of the shear-lag model agrees
well with the finite element calculation. The length scale
A measures the distance over which normal strain builds
up in the islands. For the materials used in this study,
this value is approximately 1,720 um, that is, one order

, (1)

where
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FIG. 4. (a) Top view and (b) side view of the 3D finite element model. (c) Schematic of the displacements in the shear-lag model: The
displacement inside the PI substrate is given by ug(x;) = €,ppts; the unknown displacement inside the island is assumed to be of uniform
thickness and is denoted by u(x). The shear strain in the PDMS layer is [u(x1) — uo(x1)]/H.
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FIG. 5. Ratios of the maximum strain in the island to the applied strain
obtained from 3D finite element simulations, experimental results, and
calculations using a shear lag model. They all illustrate the fact that a
soft interlayer can greatly reduce strains experienced by the islands.

of magnitude larger than the island size L. Consequently,
the maximum strain in the islands is very small. Islands
that are much larger than A, on the other hand, experi-
ence significant strain when the substrate is stretched.
Evidently, A is an important design parameter that can
be used to determine the minimum buffer layer thickness
required to relax the strain in an island of a given size
and thickness. For instance, if the thickness of the buffer
layer is reduced by a factor of two, the critical island size
for strain relaxation decreases by a factor of 2. It should
be noted that the shear-lag model does not account for
interactions between the islands. If the island spacing is
too small, the model breaks down.

Finally, we also performed a 2D island/substrate
debonding analysis using the same finite element meth-
od mentioned in an earlier work.”! We found that the
energy release rate for debonding, another important
failure mode, is also reduced by orders of magnitude if
a soft interlayer is applied.

IV. CONCLUSIONS

In summary, when a thin layer of PDMS is introduced
between the SiN, islands and the polyimide substrate,
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the substrate can be stretched beyond 20% without caus-
ing the islands to crack or debond. The soft PDMS layer
acts as a buffer, isolating the SiN, islands from most of
the applied strain in the polyimide substrate. This mech-
anism is confirmed by finite element simulations and a
shear-lag model. The shear-lag model introduces a
length scale that determines the island size for which
the strain isolation is effective.
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APPENDIX: DERIVATIONS OF THE
SHEAR-LAG MODEL

As depicted in Fig. 4(c), the strain transfer between
the PI substrate and a SiN, island via the compliant
PDMS layer can be described with a simple 2D shear-
lag model. Island length, thickness, and PDMS thickness
are denoted by L, h, and H, respectively. In the model,

the PI substrate is subjected to a uniform displacement
uo(X1) = €,ppix1; the displacement field inside the island
is assumed to be uniform through its thickness and is
denoted by u(x;). Assuming uniform shear deformation
through the thickness of the PDMS layer, the shear stress
in the PDMS layer can be written as

u(xy) — uo(xy)
H
The shear stress at the SiN,/PDMS interface causes

the normal stress in the island to vary. A force balance
for an infinitesimal segment of the island yields

T(x1) = Hppwms (A1)

(A2)

Equating (A1) and (A2) results in a second order
ordinary differential equation in u(x;):

2 d’u
A P 2 14( ) — Eappl X1, (A3)
where
EsinH
A= Esintlh (Ad)
HppMms

Two boundary conditions are needed to solve
Eq. (A3):

u(x; =0)=0 (AS)
L du
=—]|=Esn—1|, =0 A6
ou(n=35) =Bl , (A6)
The solution to Eq. (A3) is then given by
sinh (%)
u(x1) = Eappl [X1 — /\m (A7)
The corresponding strain field in the island is
du cosh (ﬂ)
€ =—=c¢ 1 - — AL A8
(x1) de, el cosh(£) (A8)

The maximum strain in the island occurs at the center
of the island where x; = 0, that is,

8m?l)( o 1 1

S A9
Eappl cosh(ﬁ) (A9)
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