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Fig. 1. Schematic illustration of sample preparation and
loading sequence of periodic thickness-gradient films on
PDMS substrates: (a) The PDMS substrate was stretched
to 20% prestrain; (b) a weaved copper grid was placed on
the pre-stretched PDMS surface; (¢) optical micrograph of
the weaved copper grid; (d) after deposition of silver film,
the copper grid was removed and the prestrain was re-
leased to the original length of PDMS; (e) the PDMS sub-

strate was further stretched to a random length, namely L.
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Fig. 2. Morphological evolutions and structural characteristics of periodic thickness-gradient Ag films on PDMS substrates under

uniaxial compression: (a) Optical micrographs with 50x magnification. All the images have the size of 1042 pm x 1390 pm. The ar-

rows represent the direction of compression. (b) Optical micrographs with 200x magnification. All the images have the size of

261 pm x 348 pum. (c) Atomic force microscopy (AFM) image of the film surface within a grid period. (d) Cross-sectional profiles of

the film surface at different positions.
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Fig. 3. (a) Evolution of wrinkle wavelength along the center line within a grid period. (b) dependence of the wrinkle wavelength at

the mesh center on the mechanical compressive strain. The solid line represents theoretical prediction of accordion model. (¢) de-

pendence of normalized crack length (the ratio of crack length to mesh width) on the mechanical strain. The solid line is a linear fit

to the experimental data. (d) dependence of the crack width on the mechanical strain. The insets (both 70 pm x 16 pm) show the

crack morphologies under different strains.
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Fig. 4. Morphological evolutions and structural characteristics of periodic thickness-gradient Ag films on PDMS substrates under
uniaxial tension: (a) Optical micrographs with 50x magnification. All the images have the size of 1042 pm x 1390 pm. The arrows
represent the direction of tension. (b) Optical micrographs with 200x magnification. All the images have the size of 261 pm x
348 pm. (c¢) Optical micrographs with 500x magnification. All the images have the size of 104 um x 139 pum. (d) Dependence of the
wrinkle wavelength at the mesh center on the mechanical tensile strain. The solid line represents theoretical prediction of accordion
model. (e) Evolutions of the crack width and crack number along the center line with the tensile strain. (f) Dependence of the total

crack width on the tensile strain. The solid line is a linear fit to the experimental data.
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Fig. 5. (a) Surface morphology of a periodic thickness-gradi-
ent Ag film when & = 0; (b) schematic diagram of the peri-
odic thickness-gradient film along the center line. Note that
the film thickness is greatly exaggerated. In fact, the grid
period (w ~ 125 pm) is three orders of magnitude larger
than the film thickness (A, ~ 90 nm).
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Fig. 6. (a) Typical surface morphology of Ag film within a grid period under e = 20% ; (b) evolutions of the wrinkle wavelength
with the distance both in z and y directions; (¢) evolutions of the crack number and average crack spacing with the distance y;

(d) dependence of the average crack spacing on the wrinkle wavelength in the y direction and the solid line is a linear fit to the ex-

perimental data.
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Fig. 7. Schematic diagram of the thickness-gradient film-

substrate system.
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Abstract

Controlled surface structures have important applications in the fields of flexible electronics, bionic devices,
smart materials and surface engineering. Although various instability modes induced by stresses in homogeneous
and heterogeneous film systems have been investigated extensively in the past decades, understanding the stress
relief mechanisms of gradient film systems is still a challenge. In this work, periodic thickness-gradient metal
silver films on flexible polydimethylsiloxane (PDMS) substrates are prepared by using magnetron sputtering
technique and by masking weaved copper grid during deposition. The morphological evolutions and structural
characteristics of the gradient films in the uniaxial mechanical compression/tension process are detected by
using optical microscopy and atomic force microscopy. It is found that the thickness-gradient film spontaneously
forms on the PDMS surface due to the specific three-dimensional structure of the weaved copper grid. The
maximum film thickness in the mesh center is about twice larger than the minimum one in the region covered
by the copper wire. Under the uniaxial mechanical loading, the silver film surface will form stripe wrinkles and
straight cracks, which are aligned perpendicular to each other. The variation of film thickness can well modulate
the in-plane strain distribution of the film and thus the stress relief patterns. As the compressive strain
increases, the wrinkles first form in the region with smaller film thickness, and then extend into the region with
larger thickness. The wrinkle wavelength decreases with compressive strain increasing, which is in consistent
with the theoretical prediction of accordion model. The wavelength and amplitude of the wrinkles exhibit
periodically oscillatory behaviors across the film surface. As the tensile strain increases, the cracks start to
propagate in the region with smaller thickness, and then the crack width and number both increase gradually,
leading the multiple crack modes to form finally. The crack width and average spacing both increase with film
thickness increasing. The morphologies and evolutions of such wrinkles and cracks in the thickness-gradient
films are analyzed in depth based on the stress theory. The wrinkle patterns are further simulated by the finite
element method, and the simulation results are in good agreement with the experimental results. This study
could promote a better understanding of the strain effects of heterogeneous film systems and find the
applications in the field of flexible electronics by the structural design of thickness-gradient films.
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