Advanced
Optical Metrology

Thin Film Metrology

OLYMPUS WILEY


http://www.wiley-vch.de

Imprint

© Wiley-VCH GmbH
Boschstr. 12, 69469
Weinheim, Germany
Email: info@wiley-vch.de
Editor-in-Chief:

Dr. Christina Poggel

Editor: Dr. Lawrence Renna

Contents

3 Flexible Thin-Film Electronics

13

20

27

33

36

Lawrence A. Renna

Film Adhesion of Flexible Electronics
Influenced by Interlayers

Andreas Kleinbichler, Mattias Bartosik,
Bernhard Volker, and Megan J. Cordill

Breathable and Flexible Polymer Membranes
with Mechanoresponsive Electrical Resistance

Qiang Gao, Bernd A. F. Kopera, Jian Zhu,
Xiaojian Liao, Chao Gao, Markus Retsch,
Seema Agarwal, and Andreas Greiner

Super-Resolution Microscopy by Movable
Thin Films with Embedded Microspheres

Kenneth W. Allen, Navid Farahi, Yangcheng Li,
Nicholaos I. Limberopoulos, Dennis E. Walker Jr.,
Augustine M. Urbas, Vladimir Liberman,

and Vasily N. Astratov

Flexible Micropillar Electrode Arrays
for In Vivo Neural Activity Recordings

Mingde Du, Shouliang Guan, Lei Gao, Suye Ly, Siting Yang,
Jidong Shi, Jinfen Wang, Hongbian Li, and Ying Fang

Scientific Publishing
5 tips for writing better science papers

Scientific Publishing:
Title and Abstract

P. Trevorrow, G. E. Martin

Cover image left: © Shawn Hempel - stock.adobe.com;

images right: DOI: 10.1002/smll.201900582; M. Du, S. Guan, L. Gao, S. Ly, S. Yang, J. Shi,

J. Wang, H. Li, and Y. Fang; small; © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Page 3 | Volume 3

Thin Film Metrology

Flexible Thin-Film Electronics

Lawrence A. Renna

Alessandro Volta created the first electrical circuit in
1800 using salt-water solutions connected by pieces of
metal. Volta went on to invent many electronic systems,

most notably the Voltaic Pile (the first battery). [l Fast-for-
ward and electronics are ubiquitous throughout our lives.
Most electronic devices are composed of rigid circuit
boards containing electronic components (e.g., transistors,

resistors, and capacitors), and printed metallic intercon-
nects. Now, flexible electronics are currently being devel-
oped for next-generation devices. Flexible electronics can
be used for an incomprehensible number of applications,
21 but some include, foldable displays, conformal photo-
voltaics, batteries, power generators, wearable sensors,
soft robotics, and bioelectronic interface applications. 34

Flexible electronics require patterned con-
ducting materials that can withstand strain
without losing conductivity to enable func-
tionality for a variety of applications. To
achieve conducting pathways, or intercon-
nects, different materials can be used includ-
ing but not limited to conducting poly-

mers (e.g., PEDOT:PSS), [ ¢l carbon materi-
als (e.q., graphene, CNTs), -8 oxides (e.g.,
ITO), © liquid metal (e.g., EGaln), 1'% " metal
nanowires,['2 and metallic thin films. [13-1€]

Often, to achieve conducting structures, small
islands of rigid electronics are assembled on
to a flexible polymer substrate and connected
using thin-film metallic interconnects or elec-
trodes. The mechanical properties of the

metal layers and their adhesion to the flexi-

ble substrate, especially during strain, are of
the utmost importance to their functionality.
The failure of these layers is either via i) frac-
ture through the thickness of the layer or ii) the
metallic layers delaminate from the substrate.
['6] Thus the study of metallic interconnects and
their failure during strain or bending is imper-
ative to develop flexible electronic devices.

The through-thickness fracture of metallic
interconnects can be studied by tensile strain
testing and bending experiments. The defor-
mation of metallic thin films on flexible sub-
strates has been examined by tensile testing
and monitoring the effects by X-ray diffraction
and microscopy. ') '8 For example, Gruber
et al. studied the cracking behavior of copper
(Cu) films on polyimide (PI) with tantalum (Ta)
interlayers. The fracture toughness of the Cu
films increases with Cu film thickness and
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decreases with increasing Ta interlayer thick-
ness. When the Cu films were thinner than
70 nm, they exhibited inherent brittle fracture.

Furthermore, the mechanical failure of brit-
tle, thin films on a flexible substrate, when
bending, can be observed by optical micros-
copy. Glushko et al. demonstrated the vari-
able mechanical cracking of printed sil-

ver (Ag) interconnects via cyclic tensile,
compressive, and mixed tensile compres-
sive bending strains. Conversely, evapo-
rated Ag thin films showed no fracture
dependence on the type of strain. (9

The adhesion of metallic thin film intercon-
nects to the flexible substrate is also critical
to their performance. ['®! Gold (Au) or Ag are
ideal materials for interconnects because they
are ductile, have a low electric resistance, and
can be easily deposited and patterned. How-
ever, these metals sometimes delaminate from
flexible polymer substrates. The delamina-
tion typically manifests as buckling from the
substrate. Therefore, titanium (Ti), tantalum
(Ta), or chromium (Cr) interlayers are used to
improve the adhesion of metallic thin films to
the polymer substrate. Confocal laser scan-
ning microscopy (CLSM) can be used as a tool
to measure the buckling of metallic thin films
during compression-induced delamination.

As shown in the digest article “Thin Film Adhe-
sion of Flexible Electronics Influenced by Inter-
layers,” the adhesion properties of Au and Au/
Ta thin films on PI, under compressive strain,
was investigated. ' CLSM was used to mea-
sure the buckling dimensions under com-
pressive strain. The dimensions of the buck-
les can be used to calculate the critical buck-
ling and driving stresses, using the Hutchinson
and Suo model. The studies show that Au thin
films spontaneously buckle, while a compres-
sive strain is required to delaminate the Au/

Ta film, indicating larger adhesion energy.

Further Reading:
https://onlinelibrary.wiley.com/doi/
abs/10.1002/admt.201700277
https://onlinelibrary.wiley.com/
doi/10.1002/aenm.201700535

Appl. Note: https://www.olympus-ims.com/en/
applications/electro-mechanical_behavior_of_
thin_films/

Appl. Note: https://www.olympus-ims.com/en/
applications/quantitative_investigations_of_the_
interconnect/
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Flexible electronics can be used for wearable
devices for applications such as movement
sensors, biological sensors, triboelectric nano-
generators, flexible power supplies, and actu-
ators. 291 Obtaining flexible conductors that
can withstand high strain and has low resis-
tance is a challenge in the fabrication of flexi-
ble electronic devices. Moreover, an additional
requirement for wearable electronics, especially
those in contact with skin, is that they have rel-
atively high porosity compared to more estab-
lished flexible electronics. This is because the
comfort of wearable devices is contingent on
air permeability. Attaining flexibility, elastic-

ity, high conductivity, high mechanical integ-
rity, and porosity is an active research area. 12!

Flexible electrodes are generally composed of
an elastic substrate as the elastomer to sup-
port bending, stretching, and twisting. How-
ever, these materials are nonporous and do
not provide breathability. One solution to the
lack of air permeability of flexible electron-
ics is to prepare conductive polymer mem-
branes. Conductive polymer membranes are
composed of a network of stretchable poly-
mer fibers and conductive additives. The net-
work of polymer fibers is inherently porous
and allows for gas permeability. Methods of
fabrication include the inclusion of conduc-
tive additives into yarns, fabrics, and breath-
able ionic membranes, 2" coating of textiles,
(22 ysing cellulosic templates, electrospraying,
[22) electrohydrodynamic directBwriting, 23]
and electrospinning polymer fibers. [12, 24]

In the article digest “Breathable and Flexi-
ble Polymer Membranes with Mechanore-
sponsive Electric Resistance,” 12l the authors
demonstrate a flexible, highly conductive
membrane with inherent porosity to allow
for gas permeability. The membrane was fab-
ricated by first electrospinning polyurethane
(PU) to form polymer nanofiber mats. Con-
ductive Ag nanowires (AgNWs) are dispersed
onto a membrane via a filtration method.
Finally, a sandwich is made with the AQNW-
coated PU membrane and another PU mem-
brane. Polycaprolactone fibers were used to
improve the adhesion of the sandwich. The
resulting membranes had a low sheet resis-
tance, showed excellent stability to mechan-
ical strain, and allowed gas permeation.
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Further Reading:
https://onlinelibrary.wiley.com/doi/
abs/10.1002/adma.201908496

https://onlinelibrary.wiley.com/
doi/10.1002/smll.201703521

Flexible electronics have also shown prom-
ise in bioelectronic interface applications. Bio-
electronic electrodes are essential to investi-
gate the relationship between electricity and
biology (electrophysiology). 12> 261 Bioelec-
tronic electrodes can be utilized for both bio-
impedance and biopotential measurements.
Forming intimate interfaces between elec-
trodes and biological matter (e.g., neural tis-
sue) are important to achieve high fidelity bio-
logical to electrical signal transduction. (26!

For example, neural electrode techniques have
considerably improved our ability to under-
stand brain function and have become a tool
for the clinical diagnosis and treatment of
neurological disorders. Creating tight inter-
faces, and good electrical contact, between
conventional subdural electrodes and neu-

ral tissues, is challenging due to their large
mechanical mismatch. Thus, flexible electron-

Thin Film Metrology

ics are well suited for neural electrode appli-
cations. Fabrication of flexible bioelectronics
typically uses metal evaporation, atomic layer
deposition, photolithography, and transfer
printing, and inkjet printing. 25 271 Nonethe-
less, conventional flexible substrates such as
Pl and polydimethylsiloxane (PDMS) still have
moduli much higher than neural tissue. 126]

To address this issue, Du et al. prepared novel
flexible micropillar electrode arrays (UPEAS)
based on a biotemplate method, which is
described in the article digest “Flexible Micro-
pillar Electrode Arrays for In Vivo Neural Activ-
ity Recordings.” 1261 The uPEAs were pre-
pared by using a lotus leaf to create a tem-
plate that was filled with a flexible material
and coated in Au for conductivity. Each elec-
trode contained many hierarchical micropil-
lars, which contained surface nano-scale wrin-
kles (Figure 1). The pPEAs were engulfed by
the neural tissue, forming a low impedance
interface, which allows for in vivo multichan-
nel recordings with a high signal-to-noise ratio.

Further Reading:
https://onlinelibrary.wiley.com/doi/
full/10.1002/advs.201700625

https://onlinelibrary.wiley.com/doi/
abs/10.1002/admt.201900566

https://onlinelibrary.wiley.com/doi/
abs/10.1002/adfm.201503316

Figure 1: 3D confocal image of spatially patterned micropillars on Pl substrate.
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~Ilm Adhesion of Flexible
Flectronics Influenced by

Andreas Kleinbichler, Mattias Bartosik, Bernhard Vélker, and Megan J. Cordill

ABSTRACT

As flexible electronics emerge for applications such as
medical sensors and foldable displays, there is a need to
understand the interfacial behavior between the conduct-
ing elements and the compliant polymer substrate that the
devices are prepared on. Compression-induced delamina-
tion is a technique that uses the buckling dimensions to
evaluate the interfacial adhesion of materials on flexible
substrates quantitatively. This study shows that sponta-
neous buckles are formed in gold (Au) films, which are de-
posited without an interlayer. Conversely, external loading
is required to delaminate the Au film with the tantalum
(Ta) adhesion layer indicating higher adhesion energy.

Flexible devices and sensors are an emerg-
ing field in the electronics sector used for
various applications, such as foldable dis-
plays (2l and neural electrodes. B4 The pri-
mary goal in the design of flexible electron-
ics is to achieve significant strain (>10%)
without losing electronic functionality. Many
designs to achieve this goal consist of small
islands of rigid electronics placed on a flexi-
ble polymer substrate and connected using
metallic lines. In this design, the adhesion
between the lines and the underlying substrate
is of great importance to device reliability.

The failure of flexible electronic materials
occurs via two mechanisms; the fracture of
the metallic conducting components through
thickness crack formation or the metallic layers
delaminate from the substrate. Several testing
techniques have been used to analyze cracking
failure, the most popular being tensile strain-

ing 591 and bending. ['%13] The techniques
used to evaluate the adhesion of thin films

to rigid substrates have advanced our under-
standing of adhesion and its mechanisms. [14-
19 These methods work well for films on rigid
substrates; however, flexible electronics present
more challenges, and the methods and models
for rigid substrates cannot always be employed.
Therefore, tensile-induced delamination [20.21]
or compression-induced buckling methods 122:23]
have been developed to this end. These tech-
niques work well for brittle films, 24261 byt
require an extensive amount of straining for
ductile films 277 or an overlayer to induce
delamination at lower levels of strain. [28:29)

Noble metals, such as Au or Ag, are the mate-
rials of choice for the connecting lines between
the semiconducting islands. It is advantageous
to use these metals because they are ductile,
have a low electric resistance, and can be
easily deposited and patterned. Unfortu-
nately, these metals, sometimes, have trou-
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ble adhering to the polymer substrates used

in flexible electronics. Therefore, interlayers,
like titanium (Ti), tantalum (Ta), and chromium
(Cr), are used to improve the adhesion of the
noble metal to the polymer substrate. [26:27.30]
Since the conducting metals used are duc-
tile, methods that can induce defined areas

of delamination are desired to determine the
effect of interlayers on adhesion energy. Buck-
ling-based techniques are ideal because plas-
tic deformation is minimized, and buckle
delamination is well understood. B'-33! Spon-
taneous buckling can occur when the resid-
ual stress of the film is large and compressive,
typically in the range of 0.5 GPa — 2 GPa, but
typically does not occur on polymer substrates
because the substrate can accommodate the
film stress by macroscopically bending. Con-
versely, tensile-induced delamination is effec-
tive at creating buckles in a ductile film system
of 50 nm Cu with a 10 nm Cr interlayer. 126

In this work, compression-induced delamina-
tion will be used to cause a 300 nm Au film
to buckle upon unloading rather than during
loading. Buckling during tensile unloading
was compared to spontaneous buckling and
used to measure the adhesion energy. With
the proper utilization of the different buck-
ling phenomena, the adhesion energy of the
interface and how much the addition of inter-
layers improves adhesion can be quantified.

Figure 1: Optical micrograph of the Au-Ta film on PI, unloaded after strained to
15%. The straight buckles formed perpendicular to the straining direction (arrow).

Thin Film Metrology

Au films (300 nm thick) were sputter-de-
posited with and without a 10 nm Ta inter-
layer using a DC Magnetron system onto

50 mm thick Kapton polyimide (PI) substrates.
[3.34] The Ta film was used as an interlayer to
improve the adhesion between Au and PI.

To measure the buckle dimensions, two differ-
ent devices were used—atomic force micros-
copy (AFM, Veeco Dimension AFM) and 3D
confocal laser-scanning microscopy (CLSM,
Olympus® LEXT™ OLS4100 microscope). The
CLSM measurements were performed using
a laser-wavelength of A = 405 nm. Because
its maximum lateral image size is 80 ym x

80 pym and the vertical limit is 6 mm, the
AFM was used only to image smaller buck-
les. The CLSM can be used to measure all
buckle sizes since its vertical limit depends on
the distance of the objective to the sample.
Gwyddion was used to analyze the images
and measure the dimensions of the buckles.
1351 Additionally, focused ion beam (FIB) cross-
sectioning and scanning electron microscopy
(SEM) was used to characterize the buckles.

The buckle dimensions are directly related to
the critical buckling stress and the delamination
stress of the film at the interface. The stresses
and the interfacial fracture energies can be
calculated using the well-known Hutchinson
and Suo model. 3" The method is based on the
Euler beam theory. The critical buckling stress,
ob, and the driving stress, ab, can be calcu-
lated by using Equations (1) and (2).

h

wmE [(h

%= 102 (b)2

(1
04=0p [%(%)ZHI )

where § is the buckling height, b is the half
buckle width, h is the film thickness, E is the
film’s elastic modulus, and v is its Poisson’s
ratio. The critical buckling stress is the stress
necessary to cause film delamination, and the
driving stress propagates the buckles. The inter-
facial fracture energy,/(¥), for spontaneous
buckles is given by Equation 3 and is used to
calculate the adhesion energy of the interfaces.

(1-u9)h

5E ] (04-0p) (04-301,) (3)

rw=|
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The Au films on PI (without Ta) delaminated
spontaneously at the metal-polymer interface
in the form of straight-sided and telephone
cord buckles due to the high compressive resid-
ual stress in the films, whereas, the Au-Ta films
on Pl did not delaminate. The typical height
and length of the spontaneously formed buck-
les were on the order of hundreds of nano-
meters to a few micrometers, respectively.

Therefore, a loading-unloading experiment
was performed on the Au-Ta films on Pl to
create buckles to access the adhesion energy.
After straining to a maximum strain of 15%
and unloading, straight buckles perpendicular
to the straining direction were observed (Fig-
ure 1). Typically, buckles form parallel to the
straining direction when tensile-induced delam-
ination is used because compressive stress
builds up due to the difference in the Poisson’s
ratio between film and substrate. 12038 The

Thin Film Metrology

appearance and spacing of the buckles per-
pendicular to the straining direction are similar
to the cracking of brittle films under tension.

To determine the amount of strain required to
cause buckling, incremental load-unload test-
ing was. The loading varied between 2% and
14% strain, while the unloading segments
always went to 2N. Optical micrographs

were taken at the peak strains and every

1% decreasing strain during unloading (Fig-
ure 2a-k). As shown in Figure 2a at 0% strain,
no buckles are observed. Upon straining, the
film is mostly flat, however small buckles par-
allel to the straining direction are visible at a
preexisting defect in the film. Upon unload-
ing, buckles perpendicular to the straining
direction are observed. At lower strains, they
are mostly clustered at a series of scratches,
but with the increasing strain, the buck-

les encompass the entire visible area. With
each increasing load step, existing interface
cracks grow, or more are nucleated which, in

Figure 2:In situ optical incremental load-unload experiment. The arrow in (a) indicates the straining direction. In (a), (b), (d), (f), and (h),
the film is under tension, in (c), (e), and (g), the film is in an unloaded state, and (i)~(k) is a series during unloading. The buckle spacing
decreases with decreasing strain (buckle density increases) and reaches saturation spacing at approximately 7% unloading strain (I).
Note that the x-axis in (1) is reversed.



Page 10 | Volume 3

turn, produces more buckles upon unload-
ing. Figure 2i-k shows how buckles form and
that the density increases during the removal
of the tensile load. Finally, Figure 2| shows
the measured buckle spacing as a function of
the unloading from 14% strain. The buckle
spacing during unloading follows the same
trend as crack spacing during tensile loading,
where the spacing decreases until a plateau is
reached at approximately 7% unloading strain.
Therefore, it was determined that approxi-
mately 6% — 8% maximum strain is required
to cause delamination upon unloading.

The spontaneous buckle dimensions were mea-
sured by AFM (Figure 3a) and CLSM (Figure
3b) to calculate the adhesion energy of the Au
film on PI. Figure 3b shows that the delamina-
tion starts as single straight-sided buckles and
then continues to propagate as telephone cord
buckles. This is a common delamination pro-
cess in biaxially stressed films with spontaneous
buckles because of the large shear stress. 37381
The buckles in the white box (Figure 3b) are
the same as in Figure 3a. The same seven sin-
gle buckles were measured with both imag-
ing methods. CLSM can image a larger area,
and it is possible to measure more buckles
from a single image. The height of the buckles
varies, and the telephone cord buckles are
much taller than the single buckles, more than
5 ym in height. Therefore, AFM cannot mea-
sure most of the telephone cord buckles due
to the maximum deflection limit of the can-
tilevers. The sample height for the CLSM is
only limited to the distance of the objective

to the sample, which is a few millimeters. The

Thin Film Metrology

marked profiles indicate where the cross-sec-
tions have been taken. In Figure 3¢, the
cross-sections of the same buckle measured
with the two different methods and shows that
the buckle profiles are in good agreement.

Using the elastic properties of E,, = 77 GPa
and the Poisson’s ratio v,, = 0.44 of gold,
the stresses calculated from the data of both
imaging technigues with the Hutchinson
and Suo model BY are in good agreement.
For example, when AFM measurements are
used to calculate the critical buckling stress,
the value is o, = 76 + 24 MPa, compared to
the CLSM where o, = 74 + 23 MPa is deter-
mined. The M(¥) of the spontaneous buckles
were calculated from the values measured
by AFM and CLSM and are (V) = 0.7

0.3 JmZand I(¥) = 0.8 + 0.3 Jm™2, respec-
tively. The interfacial adhesion values are
similar to that for the same interface mea-
sured with four-point bending (0.8 Jm-2). 3!

Because the compression-induced buckles
were quite large, only CLSM was used to mea-
sure the buckle dimensions (Figure 4). The
buckle heights are almost three times larger
than the spontaneously formed buckles of
Au-PI. FIB cross-sectioning was used to deter-
mine that the Ta—Pl interface fails (Figure 5).
The critical buckling stress was calculated by
Equation 1 to be approximately 350 MPa.
Using Equations 1 — 3 and the elastic prop-
erties of Au, the adhesion energy of the Au-
Ta films on Pl were determined to be M(¥) =
11.2 £ 2.2 Jm2, which is much higher than
the Au film on Pl without the Ta interlayer.

Figure 3: (a) AFM height image of the gold film with two spontaneous buckles. (b) CLSM image of an area with the same buckles as in
the AFM image. (c) Cross-section of the same buckle taken at approximately the same position
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In this study, the delamination behavior of the
Au-PI film system with and without a Ta inter-
layer was examined using spontaneously pro-
duced buckles and compression-induced buck-
ling. Incremental tensile straining was used to
induce buckling of the Au-Ta films on PI. After
6% — 8% applied strain, buckles perpendic-
ular to the straining direction formed during
unloading. In situ optical microscopy revealed
that after 6% — 8% applied strain, compres-
sive stress significant enough to induce buck-
ling develops due to the elongation of the

Au film during straining. The film elongates
because the Au film plastically deforms via

Thin Film Metrology

uniform necking across the whole film. Neck-
ing occurs on account of the good adhesion
between the film and substrate, which helps
to suppress catastrophic failure. This uniform
deformation is in contradiction to the original
theory that when a film delaminates from the
substrate and becomes freestanding, plastic
deformation will localize only at freestand-
ing buckled areas. The Ta interlayer's improved
adhesion provides the Au-PI interface, and
the formation of the buckles perpendicular
to the straining direction were crucial factors
necessary to determine how film deforma-
tion and delamination are connected. With
this new understanding, the lifetime and reli-
ability of flexible electronics can be extended.

Figure 4: (a) CLSM image of an area with the same buckles as in the AFM image. (b) Cross-section
of the buckle taken indicated by the black line in (a).

Figure 5: FIB cross-section of a buckle indicating that the Ta—PI interface failed as well as
demonstrating that localized necking concentrated at the top of the buckle does not occur.
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Breathable and Flexible Polymer
Membranes with Mechano-
responsive Electrical Resistance

Qiang Gao, Bernd A. F. Kopera, Jian Zhu, Xiaojian Liao, Chao Gao,
Markus Retsch, Seema Agarwal, and Andreas Greiner

ABSTRACT

Flexible low-resistance membranes that tolerate very

high deformability, produce low joule heating, and allow
the passage of gases for human comfort are desired for
wearable devices. Herein, a network of silver nanowires
(AgNWs) between two highly porous electrospun thermo-
plastic polyurethane (TPU) membranes is presented. The
membranes are mechanically robust (both for bending and
stretching) and can withstand large strain before breakage
(> 700%). The sheet resistance is as low as <0.1 Q sq',
and only increases to 1.6 Q sg™' upon stretching to 100%
strain. The combination of polymer elasticity and the
AgNW network structure provides a reversible change

in resistance beyond 100% strain. This flexible, sand-
wich-like, electrically conductive membrane is a promising
candidate for smart wearable devices and soft robotics.

Traditional electronics are typically composed
of intrinsically heavy and rigid materials, like
silicon, metals, and glass, which have mini-
mal flexibility, stretchability, bendability, twista-
bility, and impact resistance. There is a need
for flexible and deformable circuits and elec-
trodes with low electric resistance that main-
tain performance even in a strained state for
lightweight, wearable, and flexible electronic
devices. ['-31 Efforts to construct flexible circuits
and electrodes with low resistance focused on
elastomeric electrically conductive materials.
[4-10] These materials are promising for a vari-
ety of applications; "=l however, obtaining

flexible conductors with both high strain prop-
erties and low resistance is still a challenge. ['8
Further, porosity is an essential requirement
for the comfort of wearable electronic devices
that contact skin to allow air for permeability.

Presently, flexible electrodes are composed

of an elastic substrate, such as polydimeth-
ylsiloxane (PDMS), [19-20 thermoplastic poly-
urethane (TPU), 2 and electrically conduc-
tive materials. (22261 Low-resistance electrodes
provide the advantages of less energy loss

and reduced joule heating. Silver is an excel-
lent material for electrodes and is often used
for flexible electrodes with low resistance. [27]
In our previous work, we prepared electrospun
polymer membranes with a metal-like conduc-
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tivity of 7.5 x 10° S m™" using a very low con-

tent (3.35 vol. %) of silver nanowires (AgNWs).

6 However, this kind of electrically conduc-
tive membrane is bendable but not sufficiently
stretchable and is inherently nonporous.

Electrospinning is a promising technique for
fabricating porous substrates with high con-
ductivity, flexibility, and air permeability. The
ability to electrospin many different polymer
types also provides the advantage of tuning
the membrane’s mechanical characteristics.
For example, electrospun polyamide nanofiber
nonwovens embedded with AgNW networks
showed 50% stretchability and a sheet resis-
tance of 8.2 Q sq'. 28 Electrospun polyure-
thane nonwoven porous substrate coated with

AgNW provided a highly stretchable membrane

(more than 300%) with high conductivity. 29

Herein, we present a flexible and breath-
able polymer membrane with bending and
stretching stability and very low electrical
resistance. We also provide important funda-
mental studies on island formation, anisot-
ropy, hot spots, and thermal transport in such
structures. We present a simple and scalable
preparation method for making such mem-
branes. We use a network of AgNWs as con-
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ductive layer sandwiched between two porous
electrospun TPU nanofibrous networks. We
improved the interface stability with short poly-
caprolactone (PCL) fibers dispersed in between
the AgNWs. Our membranes show a sheet
resistance as low as <0.1 Q sq'. The resis-
tance does not significantly increase upon
deformation (twisting, bending, and stretch-
ing to approximately 100% strain). We also
show a reversible change in the resistance
upon stretching or bending with more than
100% strain for several cycles. The AQNW
networks reversibly break and reform during
stretching and releasing, respectively. These
membranes are breathable, which allows

the exchange of gases. Lastly, the mem-
branes have a lower thermal conductivity
compared to other porous polymers, despite
their electrical conductivity. These membranes
are a promising material for electrodes in
smart textiles and other wearable devices.

The concept for the preparation of flexible
and breathable electrically conductive mem-
branes is illustrated in Figure 1. First, we pre-
pared TPU nanofiber nonwovens via elec-

Figure 1: Schematic of preparing the TPU-AgNW/PCL-TPU membrane by sandwiching a network of

AgNWs between TPU layers.
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trospinning. We then used the porous TPU
membranes as a filter for the filtration of
AgNWs (17 mg mL~", 126 + 10 nm in diam-
eter, and 18 + 4 uym in length) mixed with a
PCL short-fiber dispersion (1 mg mL™, aver-
age aspect ratio = 1000). Another layer of
TPU nanofibers was electrospun on top of the
AgNWs and PCL short fibers. To induce thermal
annealing, the achieved sandwich-like, elec-
trically conductive nonwovens were pressed
between two glass plates and heated at a
temperature of 75 °C (167 °F) for 30 minutes
to melt the PCL fibers and bond the two lay-
ers of TPU nonwovens and AgNWSs together.

A Zeiss LEO 1530 was used for scanning
electron microscopy (SEM) characterization
of the AgNWSs and their corresponding net-
works. Energy dispersive X-ray analysis (EDX)
was performed using a Zeiss Ultra Plus (V =
10 kV). Optical microscopy was performed
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using an Olympus® LEXT™ OLS5000 confocal
laser scanning microscope. A 100 x magnifi-
cation lens with a working distance of 300 ym
was used. Image analysis was conducted with
Matlab. B% The gas permeability test was
performed with a homemade unit. ! Tensile
tests were carried out using a tensile tester
(ZwickilLine Z0.5; BT1-FRO.5TN. D14). Sheet
resistance measurements (four-point mea-
surements) were performed using a Keithley
2420 high-current source meter coupled

with a Signatone SYS-301. A digital multime-
ter (EMOS Multimeter EM391) connected to
measure the sample with a bronze conduc-
tor was employed to measure the stretching
resistance and bending resistance. Thermogra-
phy imaging was performed with an Infratec
VarioCAM HD research IR camera. Ther-

mal diffusivity was measured with our own,
self-built Lock-In thermography setup. 3132

Figure 2: a,c) Photograph and b,d) SEM image of the electrospun TPU nonwoven and TPU with AgNWs
and PCL, respectively. e) Photograph of TPU-AgNW/PCL-TPU. f) Cross-section of EDX overlayed SEM
image of TPU-AgNW/PCL-TPU. g) Cross-section SEM of TPU-AgNW/PCL-TPU and

h) TPU-AgNW —TPU.
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The TPU nonwovens consist of randomly
oriented fibers (the 2D order parameter is
around 0.1) with an average diameter of 1.6
+ 0.5 um (Figure 2a,b). After filtration, the
AgNWs and short PCL fibers generated a dou-
ble network-type structure due to percola-
tion (Figure 2c,d). Afterward, we covered the
AgNW/ PCL layer with another layer of TPU
nonwoven by electrospinning. Finally, we hot
pressed the three-layer stack at 75 °C (167 °F)
for 30 minutes to melt the PCL and increase
the adhesion of the layers (Figure 2e).

Thin Film Metrology

The resulting three-layer membranes are
designated as TPU-AgNW/PCL-TPU. We
checked the presence of an AgNW layer
sandwiched between the two TPU lay-

ers with PCL short fibers by EDX (Figure
2f). The cross-sectional SEM images of TPU-
AgNW/PCL-TPU and TPU-AgNW-TPU (with-
out the use of PCL short fibers for com-
parison) are shown in Figure 2g,h, respec-
tively. The PCL short-fiber dispersion acts as
a glue between the AQNW network and the
TPU. The TPU-AgNW/PCL-TPU membranes
also possess good gas (CO,) permeability.

Figure 3: a) Stress—strain curves of sandwich membranes with different amounts of AgNWs.
b) Resistance of membranes with different amounts of AgNWs with different strains. c) Optical
microscopy images of TPU-2.0AgNW/PCL under different stains. (scale bar: 500 pm)

d) EDX-SEM image of TPU-2.0AgNW/PCL at 100% strain. (scale bar: 50 ym) Ag is indicated in
purple. e) Thermography images upon stretching (scale bars: 3 mm).
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Different amounts of the AgQNW dispersion
were used to investigate the influence of the
AgNW concentration on the air permeability
and electrical properties. The sheet resistance
was 6.1 = 0.3 x 108 Q sg" without an AgNW
layer. The sheet resistance decreased to 0.09
Q sq! with 8.5 wt.% AgNWs. Even the use of
a small amount of AgNWSs (1.2 wt.%) signifi-
cantly decreased the resistance to = 1 Q sq'.
Further reduction in the amount of AgNW

to = 0.5 wt% led to a sharp increase in the
sheet resistance (2.4 + 3.1 x 106 Q sg™"). This
result indicates that the percolation thresh-
old of AgNW is 0.5 wt.% — 1.2 wt. %.

The sandwich membranes exhibited a break-
ing stress of = 8 MPa. The TPU without AgNWs
had breaking stress of = 10 MPa. The mem-
branes with different amounts of AgNWs can
be stretched to over 700% (Figure 3a). The
membranes showed 10% and 30% creep after
stretching for 100 cycles to 50% and 100%
strain, respectively. We measured the resis-
tance as a function of % strain (Figure 3b).
TPU-AgNW/PCL-TPU can tolerate considerable
strains with a moderate increase in resistance
depending upon the amount of AgNWs. The
sample with the highest content of AgNWs
(8.5 wt.%) changed its resistance by only two
orders of magnitude at a strain of = 150%. In
contrast, the sample with the fewest AgQNWs
(1.2 wt.%) showed a comparable increase in
resistance already at a strain of only 60%.

Figure 3c shows the optical microscopy images
of the AgNW layer after 0%, 100%, and
150% stretching and recovering to 0% again
for the sample with 8.5 wt% AgNWs. When
the membrane was stretched up to 100%, few
cracks could be observed in the AgNW layer.
However, upon further stretching to approx-
imately 150%, large cracks (bright area), in

an island-like fashion, were observed, caus-

ing a significant increase in resistance. The
formation of island-like structures is confirmed
by EDX measurement (Figure 3d). The sepa-
rated islands and cracks restricted the flow of
electricity and created hot spots due to joule
heating at the bottlenecks. Such hotspots

can be imaged by infrared thermography
when applying a DC current (Figure 3e).

We employed direction-dependent lock-in
thermography to gain a better insight into

the composite morphology. Using a line laser as
a heat source, we can probe the overall thermal
diffusivity in such a composite sample along
different orientations relative to the stretching
direction. We see in Figure 4a—c that the TPU
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fibers align parallel to the stretching direction.
Image analysis of these laser scanning micros-
copy images reveals that the fiber orientation
is already complete at a strain of *100%.

The 2D order parameter (S2D) measures
how well the fibers are aligned. The order
parameter is given by Equation 1.

Sw=2[Siy(cos@-arl-1 ()

where N is the number of stretched fiber
orientations in the SEM image, q; is the angle
between the /™" fiber and the horizontal axis,
anda is the average angle. % The S,p of pure
TPU remains constant at a value close to 1.0
after 100% strain (Figure 4d). For pure TPU,
the thermal diffusivity increases along the
stretching direction and decreases perpen-
dicular to it (Figure 4e,f). Since TPU is a ther-
mal insulator, the absolute thermal diffusiv-
ity remains at a low level. Heat travels along
these oriented fibers faster than perpendic-
ular to it, resulting in a high anisotropy ratio
(Figure 4g). For AQNW-TPU, some degree of
anisotropy evolves (Figure 4h,i), but the overall
thermal diffusivity decreases compared to the
unstretched state. Simultaneously, for AQNW-
TPU samples, we find an evolution of aniso-
tropic heat spreading (Figure 4g). Overall, the
stretching of the AQNW-TPU sample leads to
a smaller amount of anisotropy compared to
the pure TPU network structure (Figure 4g).

The membranes showed excellent stretch-
ability and bending stability. The samples
were subjected to 100 cycles of stretch-
ing and bending. The resistance change
(RC) can be described by Equation 2:

RC= R/Ro )

where R is the time-dependent resistance

and Ry is the initial resistance measured after
stretching and bending tests. The RC of the
sample with 1.2 wt% of AgNWs significantly
increased after only 60 stretching cycles; the
RC was >20 000 under 50% strain. How-
ever, the same sample showed much better
bending stability (bending curvature from 0°
to 150°) without a significant change in resis-
tance. The RC of TPU-0.25AgNW/PCL-TPU
after 100 bending cycles was merely 1.32. The
sample TPU-2.0AgNW/PCLTPU with a dense
network of AgNWs showed both excellent
bending and stretching stability. No signifi-
cant change in the RC was observed for bend-
ing tests. During strain testing, RC increased
by only a factor of =20 after 100 cycles.



face between the three layers. Our mem-

In conclusion, we have demonstrated a new branes show excellent bending and stretch-
strategy to fabricate sandwich-like electri- ing stability, high stretchability, and very
cally conductive membranes with very low low initial electric resistance (<0.1 Q sg™").
electric resistance. Our material consists of Additionally, the membrane possesses gas
an AgNW network sandwiched between two permeability and low thermal diffusivity. Fur-
porous electrospun TPU nonwovens. PCL short thermore, the material has the potential to
fibers act as glue and provide a robust inter- be integrated into smart wearable devices.

Figure 4: a—c) Laser scanning microscopy images of TPU fibers (scale bars: 50 um). The fibers align in the stretching direction
(white arrows) with increasing strain, S. d) The 2D order parameter for the fiber orientation derived from laser scanning
microscopy images with increasing strain. e) Temperature amplitude as a function of position on the surface of a pure TPU.

f) Thermal diffusivity as a function of direction (0° is horizontal) and strain for a pure TPU (f). Anisotropy ratios for the ther-
mal diffusivity. g) The pure TPU shows a stronger anisotropy than the TPU-2.0AgNW/PCL-TPU. h) Temperature amplitude as a
function of position on the surface of TPU-2.0AgNW/PCL-TPU film with 0% strain. i) Thermal diffusivity as a function of
direction (0° is horizontal) and strain for TPU-2.0AgNW/PCL-TPU film.
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Super-Resolution Microscopy
by Movable Thin Films with
Embedded Microspheres

Kenneth W. Allen, Navid Farahi, Yangcheng Li, Nicholaos I. Limberopoulos,
Dennis E. Walker Jr., Augustine M. Urbas, Vladimir Liberman, and Vasily N. Astratov

ABSTRACT

Microsphere-assisted imaging has emerged as a simple tech-
nigue to obtain optical super-resolution. This work addresses the
methodology of the resolution measurements and the limited
field-of-view provided by each sphere. It is suggested that a stan-
dard method of resolution analysis in far-field microscopy based
on convolution with the point-spread function can be extended
into the super-resolution area. This provides a unified approach to
resolution measurements. To develop surface scanning functional-
ity, high-index barium titanate glass microspheres were embedded
in polydimethylsiloxane (PDMS) thin films. It is shown that such
films adhere to nanoplasmonic structures' surface so that the tips
of embedded spheres experience the objects' optical near-fields.
Based on rigorous criteria, a resolution of approximately A/6 — A/7
(where A is the illumination wavelength) is demonstrated for ar-
rays of gold (Au) dimers and bowties. Such films can be translated
along the surface of investigated samples after liquid lubrication.
It is shown that after lubrication, the resolution is diffraction-lim-
ited; however, the super-resolution gradually recovers as the lubri-
cant evaporates. It is shown that such films adhere to nanoplas-
monic structures' surface so that the tips of embedded spheres
experience the objects' optical near-fields. Based on rigorous crite-
ria, a resolution of approximately A/6 — /7 (where A is the illumi-
nation wavelength) is demonstrated for arrays of gold (Au) dimers
and bowties. Such films can be translated along the surface of
investigated samples after liquid lubrication. It is shown that af-
ter lubrication, the resolution is diffraction-limited; however, the
super-resolution gradually recovers as the lubricant evaporates.
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Imaging by dielectric microspheres has
emerged as a surprisingly simple way to
obtain super-resolved images of nanoscale
structures. [ The method involves bring-
ing a dielectric microsphere in contact with
the investigated structure so that the micro-
sphere experiences the object’s optical near-
field and creates a magnified virtual image
that can be viewed by a standard micro-
scope. Initially, the method has been demon-
strated for micrometer-scale, low-index (n

= 1.46) silica spheres in air. [Vl After that,

this method was advanced by using high-
index spheres (n, > 1.8) submerged in a liquid
or embedded inside elastomeric slabs, !
which improved the quality of images. 4 8

Based on a solid-immersion concept, the
maximal diffraction-limited resolution avail-
able for high-index (ns ~ 2.0) barium tita-
nate glass (BTG) microspheres can be esti-
mated as ~M4. Thus, the optical super-res-
olution by high-index spheres should be
defined as a resolution better than ~A/4. One
of the well-known approaches to experimen-
tally measure super-resolution values is using
“point” objects. "9 The image of an object
is defined as a point-spread function (PSF) of
the optical system. The PSF width represents
the system’s optical resolution. This concept
is widely used in fluorescent (FL) micros-
copy, such as stimulated emission depletion
(STED) ' and other methods where bright
“point” objects are readily available in the
form of dye molecules or quantum dots.

Thin Film Metrology

To measure the resolution of microsphere-as-
sisted imaging, researchers often select arrays
containing features with recognizable shapes.
-9 The basic idea of this approach is that the
resolution of the optical system is equal to the
characteristic dimensions of the minimum fea-
ture sizes that can be discerned. Different fea-
tures have been studied by the microsphere-as-
sisted technique that resulted in a broad range
of resolution claims from \/6 to A/17. [1.4-7.9]

In this work, we show that this approach can
result in significantly overestimated resolu-
tion values. To solve this problem, we devel-
oped a resolution analysis based on a stan-
dard procedure of convolution with PSF, with
subdiffraction-limited values allowed. A sim-
ilar approach has been used previously to
provide one-dimensional (1D) treatment
with rectangular functions. ) In the pres-
ent work, we generalized this approach for
2D PSF and objects with arbitrary shape.

Furthermore, we developed a different
approach to the field-of-view (FOV) limitations
based on the incorporation of BTG spheres

in polydimethylsiloxane (PDMS) thin films (or
coverslips), as illustrated in Figure 1. The crit-
ical element of the coverslips’ design is a pla-
nar array of high-index BTG microspheres with
a broad range of diameters (2 < D <53 pm)
held in the nanometer-scale proximity to the
bottom surface of the coverslips. Once the
coverslip is attached to a nanoplasmonic struc-
ture, the tips of microspheres can experience
the object near-fields, leading to the possibil-
ity of super-resolution imaging. We show that
the PDMS coverslips are naturally adherent to

Figure 1: (a,b) SEM of the 2D arrays of golden dimers and bowties, respectively. (c) Schematic of the setup. (d-f) Step-by-step fabrica-
tion of coverslips with embedded spheres. (g) Photograph of the coverslips. (h) Microscopic image of the coverslip’s bottom surface.
(i) Mapping at the bottom surface by atomic force microscopy.
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various substrates, providing imaging of Au
dimers and bowties with ~A/6 — A/7 resolution.
After surface lubrication with isopropyl alcohol
(IPA), the coverslips can be translated along the
surface. The ability to simultaneously capture
images through the 2D array of spheres during
wide-field microscopy allows precise align-
ment of microspheres with the objects of stud-
ies. We show that just after lubrication, the
resolution is diffraction-limited. However, as
the lubricant evaporates, the resolution grad-
ually increases beyond the diffraction limit.

As objects for imaging, we used arrays of Au
dimers and bowties illustrated by scanning
electron microscopy (SEM) images in Figure
1a and Figure 1b, respectively. ! The BTG
spheres with larger barium (Ba) content have
an index of ng ~ 1.9, and the spheres with

a larger titanium (Ti) content have an index
of ng ~ 2.1 for the red portion of the visible
region. Imaging was performed by an Olym-
pus® LEXT™ OLS4000 scanning laser con-
focal microscope operating at A = 405 nm.

To fabricate the coverslips with embedded
spheres, we used a three-step process ['2 sche-
matically illustrated in Figure 1d-f. This pro-
cess bears some similarities with previously
developed technology of embedding polysty-
rene microspheres in the PDMS membranes for
applications in projection lithography. ['3! First,
the BTG spheres were deposited on the surface
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of a microscope slide, where they formed a
disordered monolayer. Then, a PDMS layer was
cast over the spheres. It was cured at 90 °C
(194 °F) for one hour. The photograph of this
layer at the top of the microscope slide is pre-
sented in Figure 1g. Finally, this thin layer was
lifted from the substrate with tweezers and
used as a coverslip in super-resolution studies.

The microsphere-assisted imaging demon-
strates significantly improved resolution. The
virtual image of a dimer in Figure 2a obtained
through the 5 ym BTG sphere embedded in
the PDMS coverslip is shown in Figure 2b.
The virtual image of a bowtie in Figure 2e
obtained through the embedded 53 ym BTG
sphere is shown in Figure 2f. Irradiance pro-
files along the x-axis of dimers and bowties
are illustrated using red as color in Figure 2d
and Figure 2h, respectively. The saddle-to-
peak ratios of these profiles, 0.16 and 0.35,
respectively, are significantly smaller than
that assumed in various classical definitions
of resolution of two-point sources [14.151,

An attempt to define resolution based on
the observation of minimal discernable
features can lead to misleading results if, for
example, we interpret the saddle point as

a manifestation of a resolution of ~15 nm
gap in bowties, which would imply a reso-
lution above ~A27. As we show below, the
image reconstruction with the Gaussian PSF

Figure 2: (a,e) SEM image of the Au dimer and bowtie, respectively. (b,f) Images of dimer and
bowtie obtained through the 5 um and 53 pm BTG microsphere, respectively. (c,g) Calculated
convolutions of the idealized dimer and bowtie with the 2-D PSFs with FWHMSs of A/7 and A/5.5,
respectively. (d,h) Comparison of the measured and calculated irradiance cross-sectional profiles.
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with the width ~A/5.5 allows obtaining a
high-quality fit to the experimental results.

We treated the super-resolved images based
on an analogy with the classical theory (6]
where the image, /(x, y), is considered as

a convolution of a diffraction-limited PSF
and the object’s intensity distribution func-
tion, O(u, v). This can be expressed in the
standard integral form by Equation 1:

I0,)= 1.~ O, VIPSF (u-77v-2-)dudv (1)

in which the integration is performed in the
object plane where the coordinates (xo, yo)
are linearly related to the image plane via the
magnification M as (xo, yo) = /M, yi/M). We
used a Gaussian function for PSF(x,, o) with
the full width at half maximum (FWHM) being
a fitting parameter. Based on the Houston
criterion, fitted values of the FWHM in the
object plane were considered a resolution of
the system. To enable the super-resolution
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analysis, we allowed subdiffraction-limited
FWHM values; however, we kept the same
basic Equation 1 for image reconstruction.

Images calculated with 2D PSFs with FWHMs
~N7 and ~N\/5.5 are presented in Figure 2c
and Figure 2g for dimers and bowties, respec-
tively. An excellent agreement with experi-
mental images was found. Blue dashed lines
represent the calculated intensity profiles
along the x-axis. They are also found to be

in good agreement with the experiment.

To align embedded spheres with various
objects, we developed a technique based
on lubrication and locomotion of the entire
PDMS thin film containing BTG spheres,

as illustrated in Figure 3. The lubrication
was provided by using IPA with n, = 1.37.
The locomotion of the coverslip was per-
formed by a tapered stainless steel micro-
probe inserted in the PDMS connected with
a hydraulic micromanipulation controller,
providing ~1 pum precision of the translation.

Figure 3: (a,b) Translation of the coverslip lubricated with IPA, and (c) the dimers are seen near the

array’s edge. (d) Experimental setup.
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The translation and imaging through the
coverslip immediately after its lubrication and
application to the sample surface are illus-
trated in Figure 3a-c. Initially, the 16 um BTG
microsphere is located approximately 40 ym
away from the border of the nanoplasmonic
array (Figure 3a). As a result of the shift of
the coverslip by ~40 um, this sphere is aligned
with the edge of the array (Figure 3b). The
virtual image of the array was obtained by
the 20 x (NA = 0.4) objective lens by focus-
ing deeper in the structure (Figure 3c). The dif-
fraction-limited resolution of the microscope
objective can be estimated as d = 0.515\/

NA ~ 700 nm. However, experimentally, the
700 nm and 350 nm periods of the arrays can
be discerned in the virtual image (Figure 3c).
Immediately after lubrication, the internal
structure of the dimers cannot be resolved.

Thin Film Metrology

Achieving super-resolution in such a situation
requires reducing the thickness of the IPA layer
due to its evaporation, as schematically illus-
trated in Figure 4a. Using geometrical optics,
it can be shown that the lateral image magni-
fication (M) is related to the gap (g) separating
the spheres from the object by Equation 2:

M(n',rg)= — 2
09 o (@) @

where ris the radius of the sphere, and

n' = ny/ng ~ 2.0/1.37 = 1.46 is the refractive
index contrast between the sphere and object
space. The dependence of M on the normal-
ized gap (g/r) calculated using Equation 2 is
illustrated for n’ = 1.5 by the black line in Fig-
ure 4b. In the limit of g << r, Equation 2 leads
to |[M] ~ |n;/(2-n")| ~ 3. The dynamical behav-
ior of M as IPA evaporates was studied (Fig-

Figure 4: (a) Schematic illustration of the IPA layer evaporation. (b) Dynamical measurements of M
(c) SEM image of the dimer array. Virtual images through the same sphere (d) after lubrication,

(e) after 10 min, (f) after 72 hours.
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ure 4d-f). The magnification (M) of the virtual
image created by the 16 um sphere embed-
ded in a PDMS coverslip was determined
using a comparison with the real image of the
surface of the structure outside the micro-
sphere 4. The experimental results demon-
strate a reduction of magnification from M

~ 5.4 measured in the first minute (Figure
4d) to M ~ 3.1 after 72 hours (Figure 4f).

The dimers were barely resolved within the

first minute after lubrication and application of
the coverslip (Figure 4d). However, the struc-
ture of individual dimers became much bet-

ter visible in the images obtained later in the
course of evaporation of the IPA layer, as seen
in the magnified images after drying for 10 min
and 72 hours (Figure 5a,c). Irradiance pro-
files along the x-axis of dimers are illustrated

in Figure 5b and Figure 5d, respectively.

Using a PSF-based image fitting procedure
described previously, we calculated inten-
sity profiles along the x-axis, represented by

Thin Film Metrology

blue dashed lines. They demonstrate excel-
lent agreement with the experimental intensity
profiles at the FWHM of the Gaussian PSF fit-
ting function at ~\M4 and ~A/5.5. These results
show that the super-resolution provided by
the embedded BTG microspheres gradually
increases as the IPA layer evaporates. The reso-
lution values obtained after 72 hours (~A\/5.5)
almost reached the level of resolution obtained
in structures without lubrication (~A/6-A7).

We showed that the observation of minimal
discernible features in the optical images of
extended objects (which cannot be approxi-
mated as point-sources) could result in over-
estimated resolution values. It is shown that
a more consistent way of defining optical
super-resolution is based on a standard pro-
cedure of convolution with PSF with widths
smaller than the diffraction limit. We demon-

Figure 5: (a) Image of an Au dimer after 10 minutes of the IPA evaporation. (b) Comparison of
the measured and calculated irradiance profiles. (c,d) Same as (a,b), respectively, but after drying for

72 hours.
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strated that ~A/6-M/7 resolution could be
systematically achieved in the images of
nanoscale metallic dimers and bowties.
Another bottleneck problem of this technol-
ogy is based on a limited FOV of virtual imag-
ing through individual spheres. In this work,
we developed a technology of fabrication

of transparent elastomeric PDMS thin films
containing hundreds of embedded high-in-
dex BTG microspheres. Such films or covers-
lips can be considered as a new optical com-
ponent for super-resolution microscopy.

REFERENCES

[1]1Z Wang,W. Guo, L. Li, B. Luk’yanchuk,
A. Khan, Z. Liu, Z. Chen, and M. Hong,
Nat. Commun. 2011, 2, 218.

[2] X. Hao, C. Kuang, X. Liu, H. Zhang, and
Y. Li, Appl. Phys. Lett. 2011, 99, 203102.

[3] VIN. Astratoy, and A. Darafsheh. "Methods and
systems for super-resolution optical imaging using
high-index of refraction microspheres and microcyl-
inders." U.S. Patent No. 9,726,874. 8 Aug. 2017.

[4] A. Darafsheh, G. F. Walsh, L. Dal Negro, and
V. N. Astratov, Appl. Phys. Lett. 2012, 101, 141128.

[5]L. Li, W. Guo, Y, Yan, S. Lee, and T. Wang,
Light: Science & Applications 2013, 2, e104.

Thin Film Metrology

[6] L. A. Krivitsky, J. J. Wang, Z. Wang, and
B. Luk’yanchuk, Sci. Reports 2013, 3, 3501.

[7]1H. Yang, N. Moullan, J. Auwerx, and
M. A. M. Gijs, Small 2014, 10, 1712-1718.

[8] A. Darafsheh, N.I. Limberopoulos,
J.S. Derov, D. E. Walker, Jr, and V. N. Astra-
tov, Appl. Phys. Lett. 2014, 104, 061117.

[9] Y. Yan, L. Li, C. Feng, W. Guo, S. Lee, and
M. Hong, ACS Nano 2014, 8, 1809-1816.

[10] S. Weisenburger and V. Sandoghdar,
Contemporary Physics 2015, 56, 123-143.

[11] G. Donnert, J. Keller, R. Medda, M. A.
Andrei, S. O. Rizzoli, R. Luhrmann, R. Jahn,
C. Eggeling, and S.W. Hell, Proc. Natl. Acad.
Sci. USA 2006, 03, 11440-11445.

[12] E. C H. Sykes, S. R Ashili, A. V. Kanaey,
and V. N. Astratov, in IEEE Proceedings of OSA
Topical Meeting on Informational Photonics,
Charlotte, NC, 6-8 June 2005, paper No. IThD3.

[13] M.-H. Wu and G.M. Whitesides,
Appl. Phys. Lett. 2000, 78, 2273-2280.

[14] A. Lipson, S. G. Lipson, and
H. Lipson, Optical Physics, 4th Ed., (Cam-
bridge University Press, New York, 2011).

[15] A. J. den Dekker and A. van den Bos,
J. Opt. Soc. Am. A 1997, 14, 547-557.

[16] J. W. Goodman, Introduction to
Fourier Optics, 2nd Ed., (TheMcGraw-Hill
Companies, New York, 1996).



Page 27 | Volume 3

Thin Film Metrology

exible Micropillar
ectrode Arrays for In Vivo
Neural Activity Recordings

Mingde Du, Shouliang Guan, Lei Gao, Suye Ly, Siting Yang, Jidong Shi,

Jinfen Wang, Hongbian Li, and Ying Fang

ABSTRACT

Flexible electronics that can form tight interfaces with
neural tissues hold great promise for improving the diag-
nosis and treatment of neurological disorders and advanc-
ing brain/machine interfaces. Here, the facile fabrication
of a novel flexible micropillar electrode array (UPEA) is
described based on a biotemplate method. The flexible
and compliant yPEA can readily integrate with the soft
surface of a rat cerebral cortex. Moreover, the recording
sites of the UPEA consist of protruding micropillars with a
nanoscale surface roughness that ensures tight interfacing
and efficient electrical coupling with the nervous system.
As a result, the flexible yPEA allows for in vivo multichan-
nel recordings of epileptiform activity with a high signal-
to-noise ratio. The ease of preparation and high flexibility
make the YPEA an attractive tool for in vivo spatiotem-

poral mapping of neural activity.

Neural electrodes can be used to develop an
understanding of brain functions and have
become a clinical tool for the diagnosis and
treatment of neurological disorders. ['-8 In par-
ticular, epilepsy is a common neurological disor-
der that affects about 1% of the general pop-
ulation and 4% of children. © Clinically, about
30% of patients with epilepsy respond poorly
to antiepileptic drugs and have to undergo sur-
gical resection of the epileptic foci. Subdual
intraoperative electrocorticography (ECoG) has
been routinely applied in patients with intrac-
table epilepsy for both preoperative localiza-

tion of the epileptogenic focus and assessment
of post-surgical outcomes. ['°-2 ECoG record-
ings are typically performed with subdural elec-
trode arrays that are placed directly on a cere-
bral cortex’s surface. '3 Subdural electrodes
are much less invasive than penetrating depth
electrodes that cause tissue damage and elicit
a pronounced foreign body response. [14.15]

The interfaces between electrodes and neu-
ral tissues play an essential role in recording
neural activity because extracellular signals
decay rapidly with distance. '®'71 A key chal-
lenge for creating tight interfaces between
conventional subdural electrodes and neu-
ral tissues has been their sizeable mechani-
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cal mismatch. ['81 The poor contacts between
conventional rigid electrodes and soft tissues
lead to the poor electrical coupling at their
interfaces. As a result, neural activity signals
can be notably attenuated by the cerebro-
spinal fluid in the electrode-tissue gaps. !'*)

Flexible subdural electrodes based on polymer
substrates have been developed to improve
the contacts between electrodes and neural
tissues. (2025 In addition, they were shown to
reduce the foreign body response of the brain
tissue in chronic applications. 1261 Nevertheless,
the moduli of the polymer substrates are in
MPa to GPa range, 27! which is still orders of
magnitude higher than that of the brain. This
can cause shear force and micromotion at the
electrode-tissue interfaces, limiting the accu-

racy and stability of subdural ECoG recordings.

Here, we introduce a flexible subdural micro-
pillar electrode array (UPEA) that enables

the formation of tight neural interfaces and
stable neural activity recordings. The record-
ing sites of the UPEA consist of protruding
microscale pillars with nanoscale roughness
obtained by replicating the surface of a lotus
leaf. The hierarchical surface structure affords
lower impedance compared to planar elec-
trodes. In addition, the protruding micropil-
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lars create a tight interface and effective elec-
trical coupling between the electrodes and the
cerebral cortex of a rat brain. As a result, the
WPEASs have been successfully demonstrated
for stable multichannel recordings of epilep-
tiform activity with high SNR of 252 + 35.

The fabrication process of a yPEA is illustrated
in Figure 1. PDMS base was mixed with a cur-
ing agent and poured onto a lotus leaf and
cured at 50 °C (122 °F) for 1 hour. After peel-
ing off the lotus leaf, a PDMS negative tem-
plate was obtained. The template was treated
with oxygen plasma at 100 W for 5 min-
utes. Then, a polyimide (PI) mask with a 3 x

3 hole array was transferred onto the PDMS
template. The Pl mask/PDMS was heated at
140 °C (284 °F) for 30 minutes under a pres-
sure of =20 kPa to increase their adhesion.

A PI precursor solution was then spin-coated
onto the Pl mask/PDMS. The system was
heated at 120 °C (248 °F) for 20 minutes for
the removal of the solvent and then 200 °C
(392 °F) for 30 minutes in a vacuum for cur-
ing. After peeling off the PDMS template, a

Pl substrate with spatially patterned micro-

Figure 1: i) A flat lotus leaf, inset shows SEM image; (ii) PDMS was poured on the surface of lotus leaf and cured; (iii) PDMS negative
template with random distributed microcavities, inset shows SEM image of a PDMS negative template; (iv) PDMS negative template
covered with Pl mask; (v) Pl was spin-coated on the template and cured; (vi) Pl substrate with spatially patterned hierarchical micro-
pillars; (vii, viii) UPEA before and after SU-8 passivation. Scale bars: 10 ym.



Page 29 | Volume 3

pillars was obtained. Planar electrode arrays
(PEASs) were also fabricated for comparison.

Neural electrode arrays were defined on a pat-
terned Pl substrate by thermal deposition of
chromium/gold (Cr/Au) (10 nm/200 nm). The
recording sites were aligned with the patterned
micropillar regions of the Pl substrate. Then a
SU-8 passivation layer was defined by photoli-
thography to encapsulate the planar intercon-
nect lines. The UPEA was bonded to a flexible
flat cable through anisotropic conductive film.

3D confocal images of the micropillar elec-
trodes were acquired on a laser confocal micro-
scope (Olympus® LEXT™ OLS4000 system).

Thin Film Metrology

Scanning electron microscopy (SEM) images
were collected using a FEI Nova NanoSEM
430 system and Hitachi-SU8220. Cross-sec-
tions of the electrodes were obtained by
focused ion beam (FIB) etching using a FIB/SEM
dual-beam system. Electrochemical imped-
ance spectroscopy (EIS) of the electrodes was
measured using an electrochemical work-
station (Reference 3000, Gamry Instruments).
A Platinum (Pt) rod and an Ag/AgCl elec-
trode (CHIT111, CH Instruments) were used as
counter and reference electrodes, respectively.

A Sprague-Dawley rat was anesthetized and
fixed in a stereotaxic apparatus. Craniotomy
was performed, and the left hemisphere

Figure 2: Structure of flexible yPEA. a) A flexible pPEA. Scale bar: 5 mm. b) Optical image of the
3 x 3 micropillar electrode array. Scale bar: 500 pm. ¢) Optical image of the recording site marked
with dashed blue box in inset (b). Scale bar: 50 pm. d) SEM image of an electrode (i) before and
(ii) after passivation. Scale bars: 50 um. e) Magnified SEM image of the area marked with dashed
red box in insets (d-(i)). Scale bar: 10 ym. f) 3D confocal images of the electrode in inset (d-(i))
before and (d-(ii)) after passivation. Scale bars: 50 um. g) Cross-sectional SEM image of the inter-
connect line marked with dashed orange line in inset (d-(ii)). Scale bar: 10 pm.



was exposed, and the dura mater was trodes on the same Pl substrate for direct com-
carefully removed. A flexible uPEA was parison. Figure 3a shows representative EIS
placed on the exposed subdural surface results measured in phosphate-buffered saline
of the rat cortex. The neural signals were (PBS). The impedance of the micropillar elec-
recorded at a sampling rate of 1 kHz. trode is lower than the planar one. The reduced

impedance can be attributed to the increased
electrode area. Figure 3b summarizes the aver-
aged impedance of 6 micropillar electrodes
and 27 planar electrodes measured at 1 kHz.

Figure 2a shows an as-prepared uPEA with a We applied the pyPEAs for in vivo subdural
final thickness of 18 ym. The YPEA is highly recordings of penicillin-induced epileptiform
flexible and can be bent repeatedly with- activity in the rat cortex. As an antagonist of
out loss of structural integrity. The yPEA con- the gamma-aminobutyric acid (GABA) recep-
sists of nine recording sites arranged in 3 x tor, penicillin induces epileptiform activity by
3 matrices with 1 mm spacing (Figure 2b). preventing GABA-mediated inhibitory con-
Each recording site has a diameter of 120 um trol of pyramidal neurons. 29 As shown in Fig-
(Figure 2c). SEM images of a typical electrode ure 43, the YPEA conformally covered a large
before and after SU-8 passivation are shown cortical area of the rat brain. Notably, the pro-
in Figure 2d. The enlarged SEM images in truding micropillars at the recording sites were
Figure 2e show that the micropillars contain engulfed by the neural tissue, which resulted
nanoscale wrinkles. The height of the wrin- in significantly improved electrical coupling.
kles ranges from 100 nm — 200 nm. 3D con- Figure 4b shows a representative real-time
focal images show that the uPEA consists of signal recorded by a micropillar electrode (Ch-
protruding micropillars (Figure 2f). Figure 2g 9), and Figure 4c is the normalized time-fre-
shows a cross-sectional SEM image of a pla- quency spectral analysis of the time-series data.
nar interconnects line, which consists of a As shown in Figure 4d, three periods, includ-
three-layer sandwich structure of SU-8/Au/PI. ing the basal period, latent period, and epi-
leptiform activity period, could be identified.
The performance of neural electrodes is The epileptiform activity period began with
mainly limited by the thermal noise that arises increasing discharges arising from the hyper-
from the impedance at the electrode-electro- excitability and hypersynchrony of neuro-
lyte interface. (28 The impedance at the elec- nal activity. As shown in Figure 4c, there was
trode-electrolyte interface is inversely pro- an associated increase in the spectral power
portional to the effective electrode area. We between 5 Hz — 25 Hz. The amplitude of the
performed electrochemical impedance spec- discharges reached a maximum of 3.5 mV at
troscopy (EIS) on micropillar and planar elec- 0.5 h after penicillin injection, and the uPEA

Figure 3: a) EIS of micropillar and planar electrodes measured in PBS. b) Averaged impendence of micropillar and planar electrodes
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allowed stable recordings over 3 h. The dis-
charge frequency decreased from 0.8 spikes/s
in the initial period to 0.2 spikes/s in the late
epilepsy period. The high signal amplitude
could be attributed to the tight interfaces
and efficient electrical coupling between the
protruding micropillars and neural tissue.
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Figure 4e,f shows simultaneous multichannel
recordings by the uPEA. We applied a thresh-
olding method to detect epileptiform dis-
charges recorded by the nine channels, from
which spike times were extracted (Figure 4g).
Spike-time delays at different channel locations
were then calculated relative to the spike-time

Figure 4: In vivo neural activity recordings with UPEA. a-(i) Optical image of a uPEA conformally attached onto the cortical surface of rat
brain and a-(ii) schematic illustration of the tight interface between micropillars and brain tissue. Scale bar in (i): 1 mm. b) Representative
real-time recording of neural activity by a micropillar electrode (Ch-9). ¢) Normalized time-frequency spectrum of the time-series data in in-
set (b). d-(i) Neural signals recorded during the basal period, d-(ii) latent period, and d-(iii) epileptiform activity period, respectively. ) Multi-
channel recordings of epileptiform activity with the yPEA. f) Array layout of the voltage traces during an epileptiform discharge, as marked
with the dashed black box in inset (e). g) Overlaid voltage traces. The colored dots marked the spike-times. h) Spike-time delays of 50 dis-
charges recorded by the nine channels in a 255-s window. i) Array layout of the average spike-time delays determined from inset (h).
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of Ch-9. Figure 4h summarized the spike-time
delays of 50 epileptiform discharges recorded
in a 255 s window. The spike-time delays show
a clear dependence on the channel locations.
This allowed us to construct a pattern map

by plotting the average spike-time delays as a
function of each channel’s location (Figure 4i).

In summary, we demonstrated a facile bio-
template method for the fabrication of flexi-
ble uPEAs. The hierarchical surface structure
of the YPEAs effectively reduced the imped-
ance of the micropillar electrodes. More-

over, a tight electrode-neural interface was
obtained due to the engulfment of the micro-
pillars by neural tissues. As a result, the yPEAs
allowed stable subdural recordings of neural
activity with high SNR. Multichannel record-
ings further revealed the propagation charac-
teristics of epileptiform activity across the cere-
bral cortex. These results show that flexible
UPEAs can offer new opportunities to study the
tempo-spatial dynamics of neural activities.
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TWO OF THE MOST IMPORTANT PARTS of a scientific
article are their title and the abstract. They are the first
opportunity to attract the attention of the editor, reviewer
or reader and play into search engine optimization (SEO)
of your article. Herein, you can find a detailed description
that will guide you through the creation of a concise title
and a well-structure abstract.



5 tips tfor wr

iting better

science papers

Don't 1

underestimate
the importance of
your cover letter

A good cover letter explains
to the editor the critical
question your research
addresses, how you have
answered this question, and
why it is of significance to
the wider community.

Keep the
title simple: be
consistent, not too
technical, and concise

It's important to grab the attention of
your editor/reviewer/reader right away
and give them an idea of why your paper
is a scientific breakthrough. The title also
plays into search engine optimization

for your article, so think of which search
terms you would use when searching

for your paper, and try to incorporate
those keywords into your title.




Don't cram
the abstract with
details

What you want is to grab the
reader’s attention with the first
statement, add a few of the most
important details, then leave them
with the overall message of the
manuscript in the last sentence.

Introduce 4

your research
with its importance

The reader needs to know the
background to your research and,
most importantly, why your re-
search is important in this context.
What critical questions does your
research address? Why should

the reader be interested?

5

You might be

tempted to share
all your war stories. ..
but don't

When reporting results, keep
your focus and make your R&D
concise but informative.
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This article is a short version of the comprehensive and freely available tutorial
"How to write a research article for MRC", written by Paul Trevorrow and Gary E. Martin.

When choosing a title for an article, it is advis-
able to choose a title that best describes

the work, is succinct, and free from exces-
sive jargon. The title should entice the reader
and authors should keep in mind that the
first impression counts! A strong title will
likely convince an editor (or reviewer) that
the paper is important to the journal's read-
ership. Titles should generally be short, not
more than 15 words, and be informative;
they need to convey the main message and/
or finding of the paper. Try to be precise
without using vague language. It is recom-
mended that authors of research articles and
reviews avoid titles such as the following:

“Studieson ...".
“Characterization of ...".
“Optimization of ...".
“Investigations on ...".
“Review of ...".

" inreview”.

In some publications, references to “new”
or "novel” appear frequently in article titles.
Such phrases should be avoided where pos-
sible. The point of the academic journal is to
publish new research so stating new or novel
in the title can appear somewhat redundant.

Your abstract is one of the most important ele-
ments of your article. Firstly, editors may not
have time to read your entire manuscript when
making initial screening decisions. If you can
sell them on the importance of your research
in the abstract, they will be able to make a
decision on whether the article is acceptably
within the scope of the journal quickly and

easily. Secondly, when asked to review an arti-
cle, referees are presented with the abstract

in the initial invitation. A poorly structured
abstract with unclear motivation is less likely to
be accepted for review by an already fatigued
referee. Finally, due to abstracting and indexing
agencies, such as Web of Science, SciFinder,
PubMed, ResearchGate (the list goes on), more
people are going to view your abstract than
will ever read your paper. If you can make it
clear why your article is important, it is more
likely to be discovered by the correct audience.

The abstract should be viewed as a self-con-
tained component and should not include
references to external sources or supporting
information. The abstract should also be con-
cise so that editors, reviewers, or the even-
tual readers can quickly make an assessment
on whether they want to read the full paper.

One should think of an abstract in sections,
firstly state the problem, the reason for the
research, and why it is important. Remem-
ber that your abstract is the biggest advert
for your paper, so it is important to put the
research in a broad context stating why the
research is important to a broad public audi-
ence and not only your specialist NMR com-
munity. Secondly, introduce the procedure
simply, describing the investigative technique
and the samples involved. Thirdly, offer a brief
and succinct account of the result followed
by the final portion, the conclusion. The con-
clusion should convey the take-home mes-
sage of the research. In general, an optimal
abstract should follow the following struc-
ture, which will ensure that all of the import-
ant points are covered and expressed logically:

¢ Rationale: state the problem, the reason
for the research and why it is important
to broad non-specialist audience.

¢ Method: what procedure/analysis has
been undertaken?
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¢ Result: what was the outcome of
the experiment?

e Conclusion: what are the key take-
home messages of the research?

EXAMPLE

All articles in this eBook give examples

of well-structured abstracts. For exam-
ple, the abstract of “Flexible Micropillar
Electrode Arrays for In Vivo Neural Activity
Recordings” (pp. 25-31) mimics the above
mentioned, recommended structure:

e Rationale
“Flexible electronics that can form tight
interfaces with neural tissues hold great
promise for improving the diagnosis and
treatment of neurological disorders and
advancing brain/machine interfaces.”

e Method
"Here, the facile fabrication of a novel flex-
ible micropillar electrode array (UPEA) is
described based on a biotemplate method.”

Thin Film Metrology

¢ Result
“The flexible and compliant uPEA can
readily integrate with the soft surface of a
rat cerebral cortex. Moreover, the recording
sites of the YPEA consist of protruding micro-
pillars with a nanoscale surface roughness
that ensures tight interfacing and efficient
electrical coupling with the nervous system.
As a result, the flexible yPEA allows for in
vivo multichannel recordings of epileptiform
activity with a high signal-to-noise ratio.”

e Conclusion
The ease of preparation and high flexibility
make the yPEA an attractive tool for in vivo
spatiotemporal mapping of neural activity.”

When reading an article, the abstract
appears as the first element; however, it
may be prudent to compose this last when
writing up the manuscript. This will enable
one to keep consistent with the findings
of the research and prevent rewriting as
the investigative components of the article
develop.
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