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1. Supporting Information Figures

a

Normalized strain
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Fig. S1. Enlarged finite element analysis results of strain distribution in the film on (a)
microstructured substrates corresponding to the black box in Fig. 1e-11 (main text) and (b) hierarchical

microstructured substrates corresponding to the purple box Fig. le- III (main text).
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Fig. S2. Schematics of the fabrication process of Ag films on hierarchical microstructured substrates

(HMFs).
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Fig. S3. 45"tilt-view SEM images of (a) sandpaper template and (b) microstructured PDMS sheet.
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Fig. S4. Cross-sectional SEM image of the microstructured PDMS sheet, corresponding to Fig. 1g

(main text).
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Fig. S5. Three-dimensional CLSM image of the PDMS sheet with protrusions, grooves, and

undercuts microstructures.
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Fig. S6. Topographic images for top view obtained by CLSM analysis for the microstructures of (a)
template and (b) PDMS sheet. (c) Height profile corresponding to line scan in (a). (d) Height profile
corresponding to line scan in (b). (e) Peak height distribution of microstructures corresponding to (c).

(f) Peak height distribution of microstructures corresponding to (d).
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Fig. S7. 45°tilt-view SEM images of the microstructured PDMS sheets replicated from the template:
(a) 1%t replication; (b) 4™ replication; (c) 8 replication; (d) 12t replication; (e) 16™ replication; (f)

20t replication (scale bar:20 pm).
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Fig. S8. (a) Top-view CLSM image of surface morphology of the microstructured PDMS sheet. (b)

Two-dimensional fast Fourier transform corresponding to (a).
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Fig. S9. AFM height image of the deposited 200 nm-thick Ag film on Si wafers.
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Fig. S10. Cross-sectional SEM image of the micron-scale wrinkle, corresponding to Fig. 1h (main

text).
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Fig. S11. SEM images of surface microstructures (a) before and (b) after introducing the micron- and

submicron-scale wrinkles.
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Fig. S12. (a) SEM image and (b) spatial energy dispersive X-ray spectroscopy (EDS) for the 200 nm-
thick Ag film on 50% pre-stretched microstructured PDMS sheet. (c) Cross-section SEM image and

(d) EDS for the 200 nm-thick Ag on 50% pre-stretched microstructured PDMS sheet.

S13



a 12F b 108}
& o - .
'~ 0.8} | ¢ ‘T 1
g = E 10% -
c e I
- S 10%} |
o 04f A8
10%F |
0.0 . L 1 1 1 1072 i \
50 100 200 350 500 50 100 200 350 500
Film thickness (nm) Film thickness (nm)

Fig. S13. Variation of (a) sheet resistance (R ) and (b) initial conductivity (o,) of Ag films with film

thickness on 50% pre-stretched microstructured PDMS sheets.

Sheet resistance (R,) can be described by the following equation ':

R =— (1)

where o is conductivity, and /% is the thickness of metal film.

Based on Equation. (1), the conductivity (o ) can be calculated as:

o=—or (2)
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Fig. S14. Relative change resistance (AR/R, ) as a function of strain for the Ag films on hierarchical

microstructured substrates (HMFs), the Ag films on flat substrates (FFs), the Ag films on
microstructured substrate without wrinkles (MFs) and Ag films on wrinkled substrate without

microstructures (WFs).
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Fig. S15. Comparison of the relative resistance change at 200% strain of this work with previous

liquid metal-based stretchable conductor 2.
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Fig. S16. (a) Digital images of the HWFs at sequential applied tensile strains. (b) Electromechanical

performances of the HWFs fabricated simultaneously under the same deposition condition.

S17



100

80}

AR/R,

20t

60f

40}

\‘-.-.-u—-.-.-.-l\-.-.-.-
M
M
[2)

HMFs-PDMS

HMFs-SEBS

AV

ZAY

OF

150

300 450

Strain (%)

600

1073

10"}

I/ Metal films with -~

P TS re—T——rT—

A

o

[ special structures ye=

m
Metal film on
O structured substrates

4

. %3 oo
a o (o) O
O o (o]

——HMFs-SEBS—+ *
‘s HMFs-PDMS

0

200 300 400
Strain (%)

100

Fig. S17. (a) Relative resistance change (AR/R, ) of the different substrates-supported FFs and

HMFs as a function of tensile strain. (b) Relative resistance change versus stretchability of HMFs,

in comparison with other metal-based stretchable conductors 8-32.
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Fig. S18. CLSM images of the surface morphologies of the WFs at sequential strains, illustrating the

cracking process (scale bar:200 pm).
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Fig. S19. SEM images of the surface morphologies of the MFs at sequential strains, illustrating the

cracking process (yellow scale bar: 200 pm; white scale bar: 20 um).
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Fig. S20. (a) SEM images of the submicron-scale wrinkles at an undercut under sequential strains
(scale bar: 5 um). (b) Evolution of average wrinkle wavelength with applied strain for submicron-

scale wrinkles.
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Fig. S21. (a) Evolution of film stress with applied strain for Ag films with different film thicknesses

on flat PDMS substrates. (b) Variation of critical energy release rate G with film thickness for Ag

films on flat PDMS substrates.

According to the linear elastic fracture mechanics, the steady state crack propagation can be described

analytically by two-dimensional models 33. The critical energy release rate G associated with the

steady-state crack propagation in a brittle film (such as nanocrystalline metal film) on a substrate is

given by 33:

RET ARG M

where o is the fracture stress of the film which can be determined from the stress-strain curve

obtained by synchrotron X-ray diffraction, / is the film thickness, £, is the elastic modulus of the
film, v, is the Poisson’s ratio of the film, and g(«, /) is a dimensionless parameter depending on

the Dundurs parameters (& and f). The formulas for & and £ are as follows:

E,—E,
a==L"" @)

7 T
ﬂ:ﬂ,v(l—zVs)—#s(l—ZVf) 3)
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= E
where £ = T 4 is the shear modulus and the subscripts f and s denote the film and the
-V

substrate, respectively.

Substitution of these values (Table S3) into the above equations, we calculated the critical energy

release rate of Ag films with different film thicknesses (Fig. S21b). If the energy release rate G in

film exceeds the critical value G, the crack will propagate. When G < G_., the crack arrests.
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Fig. S22. Adhesion measurement by Kapton tape peel test. (a-b) FFs and (c-d) HMFs (scale bar: 5

mm).
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Fig. S24. (a) Three-dimensional CLSM images of the microstructured PDMS sheets molded from

FFs

different sandpapers. (b) Interfacial adhesion strength and area ratio S, for Ag films on plat PDMS

substrates and microstructured PDMS substrates. In this work, the #5000 sandpaper with better
interfacial adhesion strength is selected as the template to fabricate the metal film-based stretchable

conductor and explore the electromechanical performances.
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Fig. S25. SEM images of the surface morphologies of HMFs before and after 15000 cycles at 100%.

S27



0 200 400 600 800 1000
Cycle number

Buckle

-
)

5 g

Fig. S26. (a) Relative resistance change versus cycle number at 10% strain. (b) SEM image

morphology of the FFs after 1000 cycles at 10% strain. (c) Enlarged image of the interfacial

debonding along the cracks. (d) Enlarged image of a buckle (delaminated region between two cracks).
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Fig. S27. (a) TEM images of Ag films with different thicknesses (scale bar: 100 nm). (b) Dependence

of average grain size on film thickness measured by TEM.
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Fig. S28. Pole figures of 200 nm-thick Ag film, corresponding to Fig. 3f (main text).
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Fig. S29. (a) Variation of relative resistance change with applied strain for the FFs with different
thicknesses. (b) SEM images of surface morphologies of the FFs with different thicknesses at 0% and

10% (scale bar: 300 um). The local energy release rate G (the crack propagation driving force) and

the critical energy release rate G, increase monotonically with the increase of film thickness.

Obviously, for FFs, the monotonic decrease of the stretchability with the increase of film thickness

because the film always has a higher crack propagation driving force (G>G,.).
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Fig. S30. (a) Variation of relative resistance change with applied strain. (b) SEM images of surface

morphologies of the HMFs with different thicknesses at 0% and 120%.
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Fig. S31. (a) Topographic images for top view obtained by CLSM analysis for the microstructures of

Ag films with different thicknesses sputtered on the microstructured PDMS sheet. (b) Dependence of

surface roughness parameter Rq on Ag film thickness. The increase of surface irregularities with film

thickness can be attributed to the shadowing effect induced by surface protrusions 34 33,
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Fig. S32. (a) Cross-sectional SEM images and (b) EDS for the HMFs with different thicknesses (scale

bar:5 pm).
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Fig. S33. (a) Variation of relative resistance change with applied strain for microstructured Ag films
with different film thickness /. SEM images of the surface morphologies of microstructured Ag
films with 2 = 1000 nm at (b) 0% and (c) 120%.

It is revealed that many cracks, instead of wrinkles, were formed at the undercuts after film
deposition and prestrain relaxation. According to the nonlinear buckling theory > % 3%, the wrinkle
dimension (wavelength) scales with the film thickness. The undercut regions have insufficient room

to accommodate the periodic wrinkles for the thick film (e.g., 2= 1000 nm). Releasing the prestrain
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applies a compressive stress to the metal film, leading to film bending. The excessive tensile strain at
the top of wrinkle caused by bending will trigger the film cracking. Upon stretching, these cracks at
the undercuts will propagate and merge into the long crack (Figure S33c), which impairs the

stretchability of Ag film.
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Fig. S34. (a) Variation of relative resistance change with applied strain for 200 nm-thick HMFs
fabricated by different substrate pre-strains. SEM images of surface morphologies of the HMFs
fabricated by different substrate pre-strains at (b) 0% and (c)100% (yellow scale bar: 50 um; white

scale bar: 5 um).
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Fig. S35. (a) Sheet resistance (R, ) and (b) initial conductivity (o, ) of 200 nm-thick metal films (Ag,
Cu, Mo, and Fe4oMnyCo;(Cryo) on hierarchical microstructured substrates. Generally, the electrical
resistivity is related to microstructural defects (e.g., vacancies, dislocations, and grain boundaries)
and lattice distortions, which reduce the electron mean free path and lead to electron scattering 3¢ 37.
The Fe gMnyoCo1oCry alloy film exhibits the highest sheet resistance because of the combined effect
of smaller grain size (more grain boundaries) and the severe lattice distortion (highly-concentrated

point defects) 8.

S38



] 1 )
/

1279

15 20

Mo

- \| Average d= 12.7 nm

Fe4oMn,,Co44Cryg
L Average d=20.5 nm

Cu
Average d= 37.6 nm

Ag
| Average d=56.0 nm

0 20 40 60 80
Grain size (nm)

Fig. S36. (a) Electromechanical performances for various metal films on PDMS substrates without
hierarchical microstructures. (b) TEM images of Ag films with various 4 = 200 nm metal films (scale
bar: 100 nm). (c) Grain size distributions for various metal films.

Mo has body-centered cubic (BCC) structure, while Ag, Cu, and Fe4oMn4oCo;¢Cryo have face
centered cubic (FCC) structure. FCC crystal is more ductile than BCC crystal because of the higher
Peierls-Nabarro stress in BCC crystals as compared to FCC crystals 3% 40, Thus, the Mo film exhibits

the lowest stretchability.

We performed transmission electron microscopy (TEM) to observe the microstructural features
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of metal films with 2 =200 nm (Fig. S36b). Statistical results (Fig. S36¢) indicate that the average
grain size is 56.0 nm for Ag, 37.6 nm for Cu, 20.5 nm for Fe4MnyyCo,¢Cryo, and 12.7 nm for Mo.
The stretchability of nanocrystalline metal films generally decreases with reducing grain size, because
of dimensional constraints on dislocation activity “#!. Therefore, Ag film exhibits highest
stretchability. Compared with Ag and Cu, the FesgMngyCo;¢Cryo alloy has a lower stretchability,

because the severe lattice distortion strongly hinders the dislocation movement 4244,
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2. Supporting Information Tables

Table S1. CLSM roughness analysis of the surface microstructures of sandpaper template and
PDMS sheet (scan sizes: 10 x 10 um).

R, (um) R, (pm)  Riax (Lm) R Ry, R, (um) R,
(1/mm)

Sandpape 111+0. 0.90+0. 572413 02440. 2.51+0. 20.60+2. 48.54+6.4
r template 09 05 5 06 84 43 3

PDMS  0964+0. 0.784+0. 5.82+1.1 037+0. 3.15+0. 17.56+1. 56.95+8.1
sheet 06 04 5 07 93 75 6

International standard ISO 21920 is used for roughness analysis. Those parameters are as follows:
average roughness (R;), root mean squared roughness (Ry), maximum roughness (Rp.x), skewness
(Rg), kurtosis (Ry,), mean width of profile elements (R;,), and peak counts (R,.).
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Table S2. Comparison of the stretchability, the relative resistance change and stability with other
stretchable metal-based conductors.

. AR/R, Stability
Materials (‘T"Z ; at max (Number of Ref.
strain cycles)
Ag/PDMS 200 6.20 N.A. 8
Au/P-PDMS 120 32 1000@1% ?
Ag-Cr-Cu-EGaln/PDMS 85 461 1100@40% 10
Au/PDMS 24 100000 10000@11% 1
Au/PDMS 90 1330 100@60% 12
Pt/PDMS 130 4.1E7 N.A. 13
Au/PDMS 120 0.14 10000@50% 14
Aut+Au NWs/PDMS 60 1.20 1000@60% 15
Au/PDMS 100 3 5000@50% 16
Pt/Silk 110 36.50 100@20% 17
Cu-Cr/PDMS 50 5.40 1000@50% 18
Cu/PDMS 75 46.50 1000@50% 19
Cu/PDMS 100 408475 10000@40% 21
Aut+Au NWs/SEBS fiber 200 1.43 5000@50% 20
Au/Semi-polymerized PDMS 130 2525  >10000@60% 2
Pt/PU 2 41 5000@2% 23
Pt/PU 2 46 10000@2% 24
Cu-Al/PI 2 0.31 N.A. 2
Au/PDMS 1 80 N.A. 26
Pt/MPTMS 185 77 1000@50% 27
Ag-FeO,/PDMS 295 3.85 >900@40% 28
Au/PDMS 300 80 5000@100% 29
Au/SEBS 212 62 >600@20% 30
Au/ PDMS,,,-1PDI 100 4.6 1000@50% 31
Au/SEBS 120 15 1000@40% 32
Ag/PDMS 206 0.007 >15000@100% This work
Ag/SEBS 410 0.26 N.A. This work
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Table S3. Summary of relevant parameters for the calculation of critical energy release rate.

h c E; E, Vg vy a B glap Ge

(nm) (MPa) (MPa) (GPa) (GPaenm)

50 684.56  2.20 71 0.50 038 099 0.25 9.98 2.82
100 626.85 2.20 71 0.50 038 099 0.25 9.98 4.73
200 599.81 2.20 71 0.50 038 099 0.25 9.98 8.66
350 563.68 2.20 71 0.50 038 099 0.25 9.98 13.38
500 51599 220 71 0.50 038 099 0.25 9.98 16.02
1000 47244  2.20 71 0.50 038 099 0.25 9.98 26.81
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Table S4. Comparison of the initial conductivity, the stretchability, the relative resistance change

and the quality factor with other stretchable conductors.

. ” AR/R,, 0 Stability
. max 0
Materials (%) (S m) at max at max (Number of Ref.
strain  strain cycles)
CNTinfluorine 5, 550 51 0.03 4000@25% 45
rubber
LMPsin elastomeric 50, 5100000 031 1629  8000@300% 7
matrix
LM sheath-core 4350 4 1.85 600@100% i
microfibers
bGaln/VHB 1200 2060000 4 3 1500@500% 46
Ag flakes in fluorine 4, 460000 106 0.04 100@50% 47
rubber
PEDOT:PSS 800 100000 4482  0.002 1000@100% 48
AgNWs/Auin SBS 840 3000000 2649  0.003 3000@30% 49
Graphene/PU 1010 124 090 1126  >4000@10% 50
(PEDOTT%?/ PBPY" 900 8000 0.03 290 1766@300% 51
Ag flakes PAAm 5y 35,4 70 0.04 1000@100% 52
alginate hydrogel
AgNPsin TPU 115 1100000 2020  0.06 10000@5% 53
EGaln droplets 0 54
disporsed in pDMS 30 137000 004 1160 1000@50%
Au ﬁln}‘g&";wd °" 100 41100000  0.03 33 5000@50% 16
CNT/Ecoflex 200 0.56 0.07  28.57 N.A. 55
AWPDMS 50 11000 007  17.86 3000@50% 56
EGaIn'glEcgéayer O 250 1200000 170 147 >100@200% 57
AWPDMS 300 1600000 77 0.039  5000@100% 29
Graphene/PDMS 90 1000 200 45 N.A. 58
PEDOT:PSS/PVA 0 59
DN hydrogel 100 1000 120 0.83 1000@100%
Cu-LM/SIS 1200 1200000  37.10  32.34 1000@300% 60
Ag nanomaterials 50 3100000  0.0026 192 1000@50% !
Ag/PDMS 206 17000000 0.007  288.05 >15000@100% g;‘;f(
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