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Free-Standing Buckle-Delaminated 2D Organic
Nanosheets with Enhanced Mechanical Properties

and Multifunctionality

Qiuting Zhang, Zhuolei Zhang, and Jie Yin*

2D organic conjugated polymer nanofilm has shown promising potential
applications in organic solar cells and flexible electronics due to its tunable
electronic and mechanical properties. However, its multifunctionality is
largely hindered by weak mechanical performances. Here, a new strategy
of harnessing buckling-driven delamination is proposed for achieving
highly stretchable, free-standing organic nanosheets with largely improved
multifunctionality in mechanical, electrical, and wetting properties. A

model system of organic conjugated polymeric (P3BT/C60) nanosheets on
prestrained elastomers is fabricated through both spin-coating and transfer-

The strategy of prestraining soft elasto-
meric substrates with spin-coated organic
conjugated polymers has been used to
generate  wrinkling-based  stretchable
organic electronics.l However, these spin-
coated organic polymer films often suffer
from poor mechanical or electronic prop-
erties, as well as limited stretchability,P!
arising from the random distribution
of polymer molecular chains during
the spin-coating process.’! These draw-

printing methods. It is found that the free-standing nanosheet exhibits both
superior mechanical and electrical properties with two times higher in fracture
strength, and one order of magnitude higher in electrical conductivity than
the spin-coated nanofilm. Compared to wrinkled spin-coated nanofilms with
orthogonal cracks, the crack-free, buckle-delaminated free-standing nanosheet
shows not only stable electrical properties with high stretchability but also a
large enhancement in both wetting anisotropy and parallel contact angle due
to its higher-aspect-ratio features. Lastly, measuring the nanofilm’s fracture
strength and interfacial toughness from the metrology of cracking and buckle-
delaminated micropatterns is demonstrated. It is shown that such metrology-
based approaches can be applied to various nanofilm-substrate systems for

backs largely hinder their applications in
organic polymer-based multifunctional
and stretchable electronics. Thus, new
approaches are highly desired to enhance
the mechanical performances of organic
conjugated polymer films, as well as to
augment their multifunctionality.

To this end, we propose a new fabri-
cation approach to generate large-area,
free-standing 2D organic conjugated poly-
meric P3;BT/Cg, nanosheets. After trans-
ferring the free-standing nanosheet to a
prestrained elastomeric substrate, we find

thin film and interfacial mechanical properties measurement.

Organic conjugated polymers are known as conducting
polymers with tunable electronic and mechanical properties
through chemical modeling and synthesis,!l which have found
broad applications in organic integrated circuits, devices, and
solar cells.Zl The semiconductive polymers are often low-cost,
light-weight, and flexible. These outstanding properties make
it a promising candidate for organic conjugated polymer—based
stretchable and multifunctional electronics and devices,?!
where both robust mechanical properties and multifunction-
ality are highly desired.
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a distinct surface instability in the form
of periodic buckling-driven delamina-
tion, which is in contrast to the wrinkling
pattern in its counterpart spin-coated
nanofilms without debonding. We explore the mechanical,
electrical, and wetting properties of both buckle-delaminated
free-standing nanosheets and wrinkled spin-coated nanofilms.
We find that compared to spin-coated nanofilms, the buckle-
delaminated nanosheets demonstrate superior multifunctional
performances, including high stretchability and high fracture
strength, stable and high electrical conductance under an
applied large strain, and larger degree of wetting anisotropy.
Lastly, we show that the metrology of crack fragments and
delaminated buckles provides an alternative way to measure
thin film fracture strength and interfacial toughness, which can
be generally applied to various nanofilm-substrate systems.

Figure 1 illustrates two different ways to fabricate buckled
and stretchable P3;BT/Cy crystalline 2D nanofilms through the
same prestrained substrate approach. One is in the form of
coherent wrinkling of spin-cast thin films on the polydimethyl-
siloxane (PDMS) substrate without debonding (top row of
Figure 1). The other is in the form of buckling-driven delamina-
tion of free-standing thin sheets due to their weak interfacial
adhesion (bottom row of Figure 1).

(10f7) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Two different fabrication methods of the same P3;BT/Cg, nanofilm through spin-coating and transfer-printing generate distinct surface insta-
bilities. a) i—iii) Schematics of generating wrinkled P3BT/Cgq nanofilms through spin-coating on prestretched PDMS substrates. Release of the prestrain
(80%) leads to wrinkling micropatterns accompanied by cracks as shown in both the iv) AFM image and v) SEM image in the film with thickness of
60 nm. b) i-iii) Schematics of generating buckling-driven delaminated P;BT/Cqo nanosheets through transfer-printing of free-standing nanosheets to
prestretched PDMS substrates. Release of the prestrain (80%) leads to crack-free, periodic buckle-delaminated micropatterns over large area as shown
in both the iv) AFM image and v) SEM image in the sheet with thickness of 60 nm.

Figure la-i-iii schematically illustrates the spin-coating
process to generate periodic wrinkles on the organic crystal-
line nanofilm. The P3;BT/Cg, solutions were prepared with 1:5,
1,2-dichlorobenzene/toluene solvents, which can effectively bal-
ance the spreading and crystallization process of solutions (see
the Experimental Section for more details).[°?! After depositing
the solvent solution on a prestretched PDMS substrate, the sub-
strate is spun rapidly to a desired rotating rate. After drying via
solvent evaporation, a thin layer of nanoscale-thickness film will
be generated on the substrate. The thickness of the fabricated
spin-coated P3BT/Cg crystalline film can be tuned in a range of
30-150 nm by controlling the rotating speed from 3000 rpm to
100 rpm. As a demonstration, we deposit a 2D P3BT/Cg crys-
talline film with thickness t = 60 nm on a prestretched PDMS
substrate with a prestrain of €, = 80%. After releasing the pre-
strain in the substrate, a periodic wrinkling pattern is generated
in the compressed spin-cast film along the stretching direction,
as shown in both the atomic force microscopy (AFM) image and
the scanning electron microscopy (SEM) image (Figure la-iv,v)
of the periodic wrinkles (Figure S1, Supporting Information).
Cracks with orthogonal orientation to the wrinkles are also
observed in the spin-cast film due to the Poisson’s effect—
induced tensioning along the transverse direction (Figure Sic,
Supporting Information).

Figure 1b-i-iii shows the process of generating buckling-
driven delaminated patterns in the free-standing P;BT/Cq,
nanosheet. A new water—air interfacial growth method is used
to produce large-area, free-standing P3;BT/Cy, nanosheets
through self-assembly. The identical P3;BT/Cg, solution as
above is dropped on the deionized (DI) water, which sponta-
neously spreads over the aqueous surface. After slow evapora-
tion of the solvent, free-standing P3BT/Cy, nanosheets, which
are smooth, continuous, and compact, uniformly grow in the
lateral direction. The thickness of P3;BT/Cg, nanosheets mainly
depends on the concentration of the spreading solution (see
the Experimental Section for details). Figure S2a,b (Supporting
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Information) shows the transferred free-standing P3BT/Cqq
nanosheets over a large area of 10 cm?. Then a prestretched
PDMS substrate is used to directly pick up the free-standing
nanosheet formed on the water surface. We transfer the
generated free-standing P3;BT/Cgy nanosheet (t = 60 nm) to a
prestretched PDMS substrate with &, = 80%. After strain
release, it forms a different periodic buckling-driven delami-
nated pattern due to its weak interfacial adhesion strength,
which is shown in both the AFM image (Figure 1b-iv) and the
SEM image (Figure 1b-v). Unlike the densely packed wrin-
kles on the spin-coated film (Figure 1a-iv), periodic localized
delaminated blisters are observed across the free-standing
nanosheet (Figure 1b-iv). The aspect ratio defined as the ratio
of the wave amplitude to its wavelength in the delaminated blis-
ters Ry (Rg = 0.56) is about 1.5 times higher than that in the
wrinkles R, (R, = 0.37). In sharp contrast to the transversely
cracked spin-coated film, there are no cracks observed on the
free-standing nanosheet (Figure 1b-v) after the release of the
same prestrain of 80% (Figure S2e,f, Supporting Information).
The absence of cracks in the free-standing nanosheet implies
its higher fracture strength than the spin-coated nanofilm.

With both exhibited improved fracture strength and high-
aspect-ratio features in the freestanding nanosheet, next, we
exploit its benefits for enhancing potential multifunctionality
of organic P3BT/Cyy nanosheets in both electrical and wetting
properties.

To evaluate how the electrical properties of both spin-coated
and free-standing conductive organic films change with strain,
we measure their normalized electrical resistance changes
AR/R, as a function of the released strain in the PDMS sub-
strate with the same &,. = 80% (Figure 2, inset shows the
schematic of the experimental setup), where R, is the original
electrical resistance of the unbuckled planar conductive coating.
The thickness of both spin-coated film and free-standing sheet is
set to be the same (t = 120 nm). Before prestrain release, we find
that at the room temperature (23 °C), the electrical conductivity

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Electrical resistance change of both wrinkled and buckle-
delaminated P3BT/Cgy nanofilms on PDMS substrates as a function of
the released strain. The inset shows the schematic of experimental set-up
for measuring the resistance.

of the free-standing planar P;BT/Cy, nanosheet is around
2.5% 1073 S m™!, which is almost one order of magnitude higher
than that of the spin-coated film. The lower conductivity in the
spin-coated film is mainly attributed to the randomly distrib-
uted polymer chains and Cg, molecules, which significantly
decreases the charge transfer interaction between the polymer
and the Cg, molecules. In the transferred free-standing film, the
fullerene molecules are mainly dispersed along the [100] direc-
tion between the adjacent polythiophene domains (closer to
the S atoms!®Pl). The charge transfer is occurring between the n
orbitals of the S atoms in P3;BT and the n*-orbitals of the C atoms
in Cgp. While in the spin-coated film, most of the Cgy molecules
are randomly distributed throughout the film with weak inter-
actions with P3;BT molecules. Figure 2 shows that during the
initial prestrain release, the electrical resistance of the wrinkled
spin-coated P3;BT/Cg, film increases slightly with AR/R, < 0.2.
However, when the released strain is beyond 40%, its resist-
ance increases dramatically to be one order higher due to the
occurrence of transverse cracking in the wrinkled film. In con-
trast, over the whole process of full strain release, the electrical
resistance of the free-standing buckle-delaminated nanosheet
remains almost unchanged and stable with AR/R, < 0.1. The
stable resistance is mainly attributed to its higher fracture
strength, where no cracking fragmentation is observed over the
whole sample (Figure S2e,f, Supporting Information).

Next, we exploit how the increased aspect ratio of blisters
in the buckle-delaminated P;BT/Cg, sheet impacts its wetting
behavior. To compare with its counterpart wrinkled P3;BT/Cqg
film, both film thickness (¢ = 80 nm) and the substrate pre-
strain (g, = 100%) are set to be the same.

The top row of Figure 3a shows the isotropic and hydrophilic
wetting behavior of a 5 uL droplet on the planar spin-coated
and free-standing films before releasing the prestrain, where
the static contact angle of the spin-coated film (80°) is slightly
higher than that of the free-standing sheet (71°). After the
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prestrain release, both buckled films show an anisotropic and
hydrophobic wetting behavior due to their highly anisotropic
and high-aspect-ratio grooved surface features.”! We observe
that the water droplets elongate along the grooves of the wrin-
kles or blisters. The static contact angles of the anisotropic
water droplets are measured in two directions: parallel (6,)) and
perpendicular (6,) to the wrinkle/blister orientation, which are
shown in the inset of Figure 3b. For both coatings, the contact
angles in both directions increase dramatically to be over 120°
after wrinkling or buckle-delamination. Specially, for the free-
standing sheet, 6, becomes doubled after buckling (6, = 143°).
The increase in 6, (A8, = 72°) is over 20° higher than that of
the wrinkled film (A6, = 50°), making it become even more
hydrophobic than its counterpart wrinkled surface. This agrees
with previous report on the enhanced hydrophobic effect
through increasing the aspect ratio of micro-wrinkles generated
through UVO treatment on prestrained PDMS substrates.[®]

The wetting anisotropy is defined as the contact angle differ-
ence between the two orthogonal directions, i.e., A= 6, — 0.
The buckle-delaminated free-standing sheet exhibits a higher
degree of wetting anisotropy with A6 = 23°, which is over
twice larger than the wrinkled surface (A6 = 11°). It should
be noted that both wrinkles and cracks contribute to the wet-
ting behavior of the wrinkled film since the transverse cracks
expose the underlying hydrophobic PDMS substrate,””! whereas
the wetting behavior of the crack-free buckle-delaminated sheet
is mainly determined by its buckled surface features. Thus,
compared to the wrinkled film, the large enhancement in both
degree of wetting anisotropy and parallel contact angle in the
buckle-delaminated sheet is mainly attributed to its higher
aspect ratio of the blisters, which is consistent with previous
studies on the enhanced effect of high-aspect-ratio surface fea-
tures on the wetting anisotropy.’:*!

We notice that the transition from the buckled hydrophobic
state to its original unbuckled hydrophilic state is reversible and
switchable in both films through simply restretching/releasing
the substrate prestrain. Figure 3b shows that upon restretching
both buckled films, the large contact angles in both directions
reduce gradually to be below 90° and the degree of wetting ani-
sotropy A@ is also becoming smaller. After restretching to 100%,
which is the same magnitude as the prestrain, both wrinkles
and blisters become flattened and the contact angle reaches its
original value with A6 being close to 0°. Specially, the contact
angle of the free-standing sheet along the parallel direction
shows the largest drop by over 70° due to its higher aspect ratio
feature. The reversible wettability transition for both buckled
films is further confirmed under cyclic loading/unloading by
repeatedly restretching and releasing the substrate. Figure 3c
shows that their contact angles along both parallel and perpen-
dicular directions under both unbuckled and buckled states
remain almost unchanged with the increasing cycles of the
applied mechanical strain. It also demonstrates that the tun-
able wetting in the free-standing sheet can be manipulated in
a much larger range than the spin-coated film under the same
applied mechanical strain.

The mechanical properties and buckle-delaminated features
of the organic semiconducting polymer sheet underpin its mul-
tifunctional electrical and wetting performances, including the
stiffness, fracture strength, and adhesion strength. So far, we

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Comparison of wetting behavior between wrinkled spin-coated nanofilm and buckle-delaminated free-standing P3BT/Cgo nanosheet on PDMS
substrates. a) Top row: side views of a droplet on flat spin-coated and free-standing nanofilms before release of the substrate prestrain. Middle and
bottom row: side views of a droplet oriented to the parallel (middle) and perpendicular (bottom) direction of the wrinkles. b) Contact angle change
in both perpendicular and parallel directions on wrinkled spin-coated and free-standing buckle-delaminated surfaces as a function of the restretching
strain. The inset shows the schematic of measuring both parallel and perpendicular contact angles on a wrinkled surface. c) Reversible switching in
the contact angles for both wrinkled and buckle-delaminated films in both directions after five cycles of substrate prestrain releasing and restretching.

have shown that the P3BT/Cq, film fabricated through the pro-
posed water—air interfacial growth method exhibits stable elec-
trical resistance due to its higher fracture strength and larger
range of tunable wettability through buckle-delamination. Next,
we will rely on the developed theoretical models on wrinkling
and buckle-delamination of thin films to quantify the mechan-
ical properties of both films fabricated from different methods.

It shows that two different fabrication methods of the same
organic polymeric thin films can result in distinct elastic
modulus. The measurement of elastic modulus of the spin-
coated P3BT/Cg film can be obtained from the metrology of
its wrinkled morphologies.! By fitting the measured wrinkling
wavelength with the theoretical wrinkling model considering
the finite deformation in the film under large substrate pre-
strain, the elastic modulus of spin-coated P;BT/Cq film is cal-
culated as Er ~ 2.4 £ 0.1 GPa for films with thickness ranging
from 30 to 100 nm (Figure S3a, see Supporting Information for
details). The characterization of the elastic modulus of the free-
standing P3BT/Cg film through nanoindentation shows that its
modulus is over five times higher than that of the spin-coated
film with thickness ranging from 60 to 150 nm (Figure S3b,
Supporting Information).

Similarly, from the measurement of the metrology of
cracking fragments, the critical fracture strength of both

Adv. Mater. Interfaces 2019, 6, 1900561

1900561 (4 of 7)

P3BT/Cy, thin films can be calculated and estimated based on
the simple theoretical cracking model of thin films on soft
substrates.l!% Here, we assume that the maximum tensile
stress occurs at the midpoint of a fragment. By measuring the
average width of cracked strips d (Figure 4a), the critical frac-
ture strength o, of thin films can be estimated as!'”)

Es (ngpre - 8c)d _ ESVSSPIEd
2 T

o .= 1)
where ¢, is the onset fracture strain of the thin film with &,
< e given g, > 80%. E; and v are the respective Young’s
modulus and Poisson’s ratio of the soft substrate. t is the film
thickness.

To explore the fracture strength of the free-standing P;BT/
Cgo nanosheet, we increase the substrate prestrain from 80%
to 120%, which approaches to the fracture strain of the PDMS
substrate (about 150%). Similar parallel cracking fragmenta-
tions are observed in the wrinkled spin-coated film (Figure 4a).
Surprisingly, there is still no transverse cracking observed in
the buckle-delaminated sheet (Figure 4b), implying that its
maximum tensile stress in the free-standing nanosheet is
still below its critical fracture strength. To approach its frac-
ture strength, we further significantly increase the substrate

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Fracture strength measurements for spin-coating and free-
standing P3BT/Cgq nanofilm. a,b) SEM images of a cracked, wrinkled spin-
coating a) and crack-free, buckle-delaminated free-standing nanosheet
b) with the same thickness of 60 nm on PDMS substrates with &, =120%.
c,d) SEM images of cracked free-standing nanosheet with thickness of
60 nm on Ecoflex substrates with €, = 400% with magnified view of
the SEM image of buckle-delaminated sheet at the cracked region in (d).
e) Fracture strength of both spin-coating and free-standing P;BT/Cg, films
with different thickness.

prestrain to 400% by replacing the PDMS substrate with a
more stretchable elastomer (Ecoflex 00-05; Smooth-on, Inc.).
Upon the prestrain release, transverse cracking fragments
are observed as shown in Figure 4c. A high-resolution SEM
image in Figure 4d shows the detailed cross-section profile
of the exposed periodic delaminated buckles at the cracked
region.

Based on the measured metrology of the cracked fragments,
we plot the calculated fracture strength from Equation (1) for
both spin-coated and free-standing P;BT/Cy nanofilms with
different coating thickness in Figure 2e, where the meas-
ured Young’s modulus E; of Ecoflex and PDMS is 15 kPa and
2 MPa, respectively, and v = 0.49 is the same. It shows that
the fracture strength for both films remains almost unchanged
for film thickness varying from 40 to 150 nm, where o, in the
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free-standing sheet (18.7 + 1.0 MPa) is almost twice higher than
the spin-coated film (9.9 £ 0.5 MPa).

The enhanced mechanical properties of the free-standing
P3BT/Cg sheet can be attributed to its distinct chemical struc-
tures from the spin-coated film. Unlike spin-coated P3BT/Cq
film with randomly distributed polymer chains and C4y mole-
cules, the self-assembly free-standing P3BT/C60 sheet pos-
sesses the orthorhombic symmetry, similar to the pure ordered
P3BT film.'! Tt indicates that the main structure is composed
of crystalline polythiophene chains, which are parallel with
the substrate.l'Z The schematic illustrations of the orienta-
tion of the polymer chains in spin-coated and transfer-printed
films are shown in Figure S4 (Supporting Information). The
Cgo molecules are mainly dispersed along the [100] direction
between the adjacent polythiophene domains. Therefore, it ena-
bles remarkable -7 interactions between the polymer chains
in the sheet, which leads to higher mechanical strength in the
free-standing P3BT/Cg sheet.

In addition to the mechanical properties of the P3BT/Cqq
films, the adhesion strength between the organic polymeric
film and the soft substrate plays an important role in deter-
mining the surface instability modes and the structural integ-
rity. Similarly, from the metrology of the periodic buckle-
delaminated micropatterns, we can measure the interfacial
toughness between the free-standing P3;BT/C4, sheet and
the PDMS substrate. Typically, the interfacial toughness is
defined as the adhesion energy required to separate thin films
from the substrate. Traditional measurement methods such
as Kendall's peel testing,¥! scratch testing,*! and pressured
blister testing!'! are typically used to measure the interfacial
toughness between the thin film and the underlying stiff sub-
strate. However, it remains challenging for such approaches to
be directly applied to measure the interfacial toughness of thin
films on soft elastomeric substrate. Recently, we proposed an
alternative method to measure the interfacial toughness from
the metrology of buckle delamination.”! For spontaneous peri-
odic buckling-driven delamination of thin films on prestrained
soft substrates, the width A of the periodic delaminated blisters
can be predicted asP!

Eit [ €
A=mt == | 2)
T\ 1+&p.

where E; = E; /(1-v{) is the plane strain modulus of the film
with E; and v¢ being Young's modulus and Poisson’s ratio,
respectively. T is the interfacial toughness. From Equation (2),
based on the profile of periodic buckle-delaminated blisters, the
estimation of the interfacial toughness I" can be expressed as

TEL [ Epe
r-ZE( | g
pre

To calculate the interfacial toughness between the free-
standing P3BT/Cq, sheet and the PDMS substrate, we can
experimentally measure the width A of the periodic delami-
nated blisters as a function of thin sheet thickness ¢ under the
same &y = 80% as shown in Figure 5a. The inset of Figure 5a
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shows an example of the cross-sectional profile of the delami-
nated free-standing sheet with t = 120 nm measured by AFM.
With measured data of A and ¢, the interfacial toughness can be
calculated from Equation (3) and is plotted as black scattered
points (with error bars) in Figure 5a. We observe that these
calculated data float in a reasonable small range and the inter-
facial toughness shows an average value of 2.44 + 0.5 ] m~2.
We note that such an approach is not limited to measuring
the mechanical and interfacial properties of polymeric films
studied here, but can be readily applied to different inorganic
nanofilms on soft substrates. As an example, we estimate both
interfacial toughness I" and fracture strength o, of Au and Cu
nanofilms by depositing thin films with different thickness on
prestrained soft elastomeric substrates (see Supporting Infor-
mation for more details). The results of the analysis are pre-
sented in Figure S5 (Supporting Information), which shows a
good agreement with the reported values in previous studies
measured by different methods.['0%15b1¢]
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Figure 5. a) Measured interfacial toughness T" between the free-standing
P3BT/Cgo nanosheet and the PDMS substrate and the width A4 of peri-
odic delaminated blisters as a function of nanosheet thickness t. Inset
shows the AFM cross-sectional view of the height profile of blisters with
t=120 nm and &, = 80%. b) Comparison of the aspect ratio of wrinkles
and delaminated blisters in both nanofilms as a function of the prestrain
€pre. Inset shows the AFM measured step height profile of delaminated
blisters and wrinkles in the spin-coated and free-standing nanofilms on
PDMS substrates with t = 60 nm and &, = 120%.
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Compared to the strong adhesion strength in the wrinkled
spin-coated P3BT/Cg film, the benefit of weak interfacial tough-
ness is to achieve higher-aspect-ratio surface features through
buckle-delamination, which has shown to enhance both the
large hydrophobicity and tunable wetting of the buckled sur-
faces as discussed above. Theoretically, for both wrinkling and
buckle-delamination of thin films on a soft substrate, the aspect
ratio of wrinkles R,, and blisters Ry can be given byl

1
Rw = ; Epre (1 + gpre) (4)

2

R, =;J8Tre (5)

given the large prestrain over 80% and large film—substrate
modulus ratio E; /E, of over 10 for the studied case of P;BT/Cq
film on PDMS substrates. Equations (4) and (5) show that the
aspect ratios of both wrinkles and delaminated buckles are
independent of material properties and the geometry of the
film—substrate system and are only governed by the substrate
prestrain €.

Next, we compare the aspect ratio of both generated wrin-
kles and delaminated buckles as a function of & in Figure 5b.
It shows that both R, and Ry increase nonlinearly and mono-
tonically with &,,.. More importantly, the aspect ratio of delami-
nated buckles is much higher than that of the wrinkles under
the same &, especially when &, is relatively larger. Experi-
mental measurements on the aspect ratios of both wrinkles
(spin-coated film) and blisters (free-standing sheet) with dif-
ferent thickness are consistent with the theoretical prediction
(Figure 5b). As an example, the inset of Figure 5b shows the
comparison of the cross-sectional profiles between wrinkled
spin-coated and buckle-delaminated free-standing P3BT/Cq,
films with the same t = 80 nm and &, = 100%. Tt shows that
compared to the small-size wrinkles (highlighted in black color)
with shallow features (A = 1.2 um and A = 560 nm), the large-
size blisters (highlighted in red color) are sharper with much
higher amplitude (A = 3.1 um and A = 2 um). The blisters show
a higher aspect ratio (Rq = 0.65) than the wrinkles (R, = 0.47),
leading to the observed higher hydrophobic contact angle and
larger degree of wetting anisotropy in Figure 3.

In conclusion, we developed a new fabrication strategy to
generate stretchable organic semiconducting polymeric sys-
tems by forming buckle-delamination of free-standing organic
conjugated polymeric (P3BT/Cgqy) nanosheets on a soft elas-
tomeric substrate. Compared to wrinkling of spin-coated
P3;BT/Cqy nanofilms, the buckle-delaminated free-standing
nanosheet shows largely enhanced mechanical properties and
higher-aspect-ratio surface features, which enable a potentially
higher stretchability with more stable electrical performance
and a wider range of tunable wettability. The results of this
research could find potential applications in the design of
highly stretchable organic conducting devices, micropatterned
high-aspect-ratio surfaces with tunable extreme surface prop-
erties in wetting, adhesion, and friction, as well as meas-
uring the mechanical and interfacial properties of thin films
on soft substrates systems through the buckled and cracked
metrology.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Experimental Section

Fabrication of Elastomer Substrates: PDMS substrates with the thickness
of 3 mm were prepared by mixing PDMS Sylgard 184 (Dow Corning
Corporation), prepolymer, and cross-linker at 10:1 weight ratio. The
PDMS solution was cured at 60 °C for 4 h in a Petri dish and then cut and
cleaned with isopropyl alcohol. The elastomer substrate (Ecoflex 00-05;
Smooth-on, Inc.) with a thickness of 3 mm and 15 kPa modulus was used
for achieving higher stretchability and fracture strength measurement.

Fabrication of P3;BT/Cgy Nanofilms on Elastomer Substrates through
Spin-Coating Deposition: Orthodichlorobenzene/toluene mixed solvent
was prepared to dissolve the organic compounds. The mixed solvent
(0.4 mL) with 0.4-20 g L™" solute concentration was dropped on the
prestrained and plasma-treated PDMS surfaces, which was fixed on a
KW-4A spin coater. The spin-coating films with thickness from =30 to
150 nm were generated by varying the spinning rotation speed from
3000 to 100 rpm. Two ways were employed to minimize the swelling
phenomenon of PDMS induced by toluene: one was to treat the PDMS
with an air-condition plasma to generate a layer of SiO, at the surface,
the other was to reduce the toluene contacting time with the PDMS
through high rotation speed during the spin-coating process.

Fabrication of P3BT/Csy Nanosheet on Elastomer Substrates through
Free-Standing Transfer: To synthesize high-quality free-standing P3BT/Cgq
polymer nanosheet, a novel interfacial self-assembling method was
applied through evaporating the mixed solvent, the same as the one
prepared in the spin-coating process at 181 °C boiling temperature. The
Petri dishes with a diameter of 6 cm were cleaned by toluene/acetone
and plasma treated for 10 min and then filled with DI water. 0.4 mL
mixed solvent with 0.4-20 g L™' solute concentration was dropped on
the DI water surface. After spreading and evaporating of the solvent,
free-standing P3BT/Cgy polymer nanosheets are formed gradually in the
lateral direction. Finally, the free-standing film can be directly picked up
by the prestretched elastomeric substrate.

Characterization of Surface Topography: Dimension icon AFM at tapping
mode was used to quantify wrinkle/buckle topographies via a Cr/Pt-coated
nano silicon probe (radius < 25 nm, resonant frequency =13 kHz,
NCHV-A, BurkerNano). FEI Quanta 450FEG with low vacuum mode was
used to take SEM images at a 10 kV acceleration voltage. For each sample,
at least five measurements were taken to confirm the repeatability.

Contact Angle Measurement: Rame-hart Model 260 Standard Contact
Angle Goniometer was used to measure the static contact angles at
room environment temperature 22 °C and humidity of 23%. In all
contact angle measurements, a 5 pL liquid droplet was gently placed on
different surfaces and then measured by software.

Electrical Resistance Test: After transferring thin films on prestretched
substrates, silver paste and fine wire at both ends to measure the
electrical resistance were used. Then, the samples were released step by
step to measure their electrical resistance changes as a function of the
applied compression strain.

Statistical Methods: For each experiment, statistical analyses were
used to show the experimental uncertainty of the measurement. The
error bars were corresponded to standard deviations of the means for at
least five group measurements.
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