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Abstract

Flexible transparent electrode is an essential component for several kinds of electronic and
optoelectronic applications, such as organic solar cells (OSCs), perovskite solar cells (PSCs), organic
light-emitting diodes (OLEDs), touch sensors, and electronic skins (E-skins). Although conventional
indium tin oxide (ITO) has been widely used in commercial transparent electrodes, it still shows a
limitation in the fabrication of flexible transparent electrodes for applications in flexible/wearable
electronic devices because of their inherent brittleness. Among various alternatives of ITO, silver
nanowire (AgNW) network has been considered as promising conductive nano-material due to their
high electrical conductivity, excellent transmittance, and mechanical flexibility that can be readily
deposited by cost-effective and large-scale solution process. However, random AgNW networks
prepared by solution processing have several drawbacks, such as high junction resistance between
nanowires (NWs), low transmittance, haze issues, and rough surface morphologies, resulting in a
degradation of the device performance. Electrical and optical properties of random AgNW networks
can be strongly affected by controlling NW density, electrical current path, and junction resistance
related to conductive percolated networks. Therefore, manipulating the assembled structure of AgNW
network can provide powerful platforms to realize ideal flexible transparent electrodes with high
electrical conductivity, superior transmittance, and smooth surface morphologies for achieving high-
performance electronic and optoelectronic device.

In this thesis, we introduce aligned AgNW transparent electrodes and their applications in flexible
optoelectronic and functional electronic devices. Firstly, Chapter 1 introduces the research tends in
transparent electrodes and several issues of AGNW networks that should be carefully considered in the
fabrication for their potential device applications. In chapter 2, we demonstrate the capillary printing
technique to make highly aligned AgNW network to fabricate high-performance transparent electrodes
for improving device efficiency of optoelectronic devices including OSCs and OLEDs. In Chapter 3,
we demonstrate the fabrication of nanoparticle (NP)-enhanced plasmonic AgNW electrode for high-
performance optoelectronic devices in which the NP-NW hybrid plasmonic system generates gap
plasmonic coupling which induces a large electric field enhancement, resulting in an improvement of
the device efficiency in both OSC and OLED devices. In Chapter 4, we demonstrate the fabrication of
ultrathin and flexible perovskite solar cell foils with orthogonal AgNW electrodes, which exhibits high
power-per-weight performance as well as a conformal contact capability to curvilinear surface. In
Chapter 5, we introduce a large-scale assembly technique to uniformly align AgNW arrays for the
fabrication of large area transparent electrodes, where cross-aligned AgNW network shows better
electrical and optical properties as well as large-scale uniformity than random AgNW network. For the

proof of the concept demonstration, we fabricated a flexible force-sensitive touch screen panel
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integrated with a mechanochromic polymer film. Finally, we introduce a transparent and conductive
nano-membrane (NM) incorporated with orthogonal AgNW arrays in Chapter 6, which exhibits
enhanced electrical and mechanical properties than pure polymeric NMs. To show the unique properties
of these hybrid NMs for potential device applications, we demonstrate skin-attachable thermoacoustic-
based NM loudspeaker and wearable NM microphone, both of which show much improved device
performances compared to conventional thin film-based devices.

In this thesis, studies on aligned AgNW transparent electrodes and their device applications could be
further expanded for diverse flexible and wearable optoelectronic and electronic applications, such as

conformal wearable sensors, healthcare monitoring devices, and wearable plasmonic devices.
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List of Figures

Figure 1.1. Representative images to show recent research tends for flexible/wearable electronic and
optoelectronic device applications. (Sekitani et al. Nat. Mater. 2009, 8, 494, Gaynor et al. Adv. Mater.
2013, 25, 4006, Muth et al. Adv. Mater. 2014, 26, 6307, Miyamoto et al. Nat. Nanotechnol. 2017, 12,
907, Lipomi et al. Nat. Nanotechnol. 2011, 6, 788, Liang et al. Nat. Photonics 2013, 7, 817, Lee et al.
Nat. Nanotechnol. 2016, 11, 472)

Figure 1.2. The various applications for transparent electrodes with varying the sheet resistance. Such
electronic and optoelectronic devices have required different sheet resistance for stable operation and
performance of their devices. (Bae et al., Phys. Scr., 2012, T146, 014024)

Figure 1.3. (a) The sheet resistance vs visible transmittance for various transparent electrodes with
different conducing materials including ITO (K. Ellmer, Nat. Photonics, 2012, 6, 809). The various
candidates for alternative to ITO, such as (b) silver nanowires (Hu et al. ACS nano 2009, 3, 1767), (c)
carbon nanotubes (Wu et al. Science 2004, 305, 1273), (d) graphene (Kim et al. Nature 2009, 457, 706),
(e) metal mesh (Schneider et al. Adv. Funct. Mater. 2016, 26, 833).

Figure 1.4. (a) The photograph of AgNW ink in ethanol solvent in a vial. (b) Bar-coating method for
the fabrication of AgNW network on plastic substrate. (c) Flexible transparent electrode with random
AgNW network. (d) The SEM image of random AgN'W network. (Hu et al. ACS Nano 2010, 4, 2955)

Figure 1.5. (a) Schematic illustration of the grow mechanism for the AgNW with pentagonal nano-
structure. (b) SEM image of AgNWs synthesized by the polyol process (Sun et al. Nano Lett. 2003, 3,
955).

Figure 1.6. Conductive percolated networks for transparent electrode with random AgNW network
where green arrow indicates current path due to interconnecting with NWs (Lee et al. Adv. Mater. 2012,
24, 3326).

Figure 1.7. The schematic of random AgNW network in which interconnected NWs generate many
contact points (red dot), which cause high junction resistance. (Mutiso et al. ACS Nano 2013, 7, 7654)
Figure 1.8. SEM image of AgN'W network with low junction resistance due to (a) mechanical pressing
(Tokuno et al. Nano Res. 2011, 4, 1215) (b) soldering with graphene (Liang et al. ACS Nano 2014, 8,
1590). (c) Post-annealing effect at 200°C for lowering junction resistance (Lee et al. Nano Lett. 2008,
8, 689). (d) TEM image of the junction between NWs in which two NWs are well combined by
plasmonic welding process (Garnett et al. Nat. Mater. 2012, 11, 241).

Figure 1.9. (a) The SEM image of AgNW network embedded into soft polymeric matrix by using
mechanical pressing method. (Gaynor et al. Adv. Mater. 2011, 23, 2905). (b) Cross-sectional SEM image
of AgNWs embedded in ITO nanoparticles films (Chung et al. Nano Res. 2012, 5, 805). (c) (Left) The



schematic illustration and (right) a TEM image of random AgNW network embedded in NOA 63 matrix.
(Nam et al. Sci. Rep. 2014, 4, 4788)

Figure 1.10. (a-c) Various patterned transparent electrodes fabricated by using different lithographic
techniques, such as (a) E-beam lithography (Hsu et al. Nat. Commun. 2013, 4,2522), (b) grain boundary
lithography (Guo et al. Nat. Commun. 2014. 5, 3121), and (c) microsphere lithography (Gao et al. Nano
Lett. 2014, 14, 2105). (d-f) Electrospun transparent electrode fabricated by using different methods,
such as (d) metal nano-trough (Wu et al. Nat. Nanotechnol. 2013, 8, 421), (e) selective etching (He et
al. ACS Nano 2014, 8, 4782), and (f) metal electroless deposition (Hsu et al. J. Am. Chem. Soc. 2014,
136, 10593)

Figure 1.11. (a) Energy-level diagram showing work functions of each component materials. (b) The
device structure for the solution-processed OSC with the AgNW electrode as anode (Yang et al. ACS
Appl. Mater. Interfaces 2011, 3, 4075).

Figure 1.12. Characteristic J-V curves of OSC solar cell devices based on random AgNW electrodes
(Yang et al. ACS Appl. Mater. Interfaces 2011, 3, 4075).

Figure 1.13. A schematic of organic solar cells with AgNW network where the light scattering and
trapping effects are induced under the illumination. (Wang et al. Small 2015, 11, 1905)

Figure. 1.14. The photograph of white OLEDs with angular color stability incorporated with AgNW-
based transparent electrodes. (Gaynor et al. Adv. Mater. 2013, 25, 4006)

Figure 1.15. (a) A schematic illustration of stretchable PLED using random AgNW with graphene oxide
fabricated on elastomeric substrate. (b) The characteristics of current density-luminance-driving voltage.
(c) Optical photographs of stretchable PLED under applied strain from 0% to 130%. (Liang et al. ACS
Nano 2014, 8, 1590)

Figure 1.16. The illustration of commercial touch screen with AgNW-based transparent electrodes.
(Cambrios Technologies Corp., http://www.cambrios.com/, accessed: May 2018.)

Figure 1. 17. (a) The schematic structure of capacitive type touch pad with AgNW electrode fabricated
on PDMS substrates. (b) The variation of electrical signal response to finger touch. (c) Touch sensitivity
test. (Lee et al. Adv. Funct. Mater. 2014, 24, 3276.)

Figure 1.18. (a) The schematic illustrations of (left) commercial touch panel with ITO/spacer/ITO/glass
and (right) flexible touch panel fabricated with AgNW electrodes soldered with conducting polymer. (b)
The photographs of touch screen operation by writing a word “KAIST”. (Lee et al. Adv. Funct. Mater.
2013, 23, 4171)

Figure 2.1. (a) Schematic of the procedure for capillary printing using a nano-patterned PDMS stamp
for alignment of AgNW array. Optical microscopy (b) and scanning electron microscopy (c) images

indicate the nano-patterned PDMS stamp with 400 nm of line width. Scale bars are 10 um and 1 pm.



Figure 2.2. Solution-printed highly aligned AgNW arrays. (a) Schematic of the capillary printing
process using a nano-patterned PDMS stamp to produce highly aligned AgNW arrays. (b) Schematic
showing the alignment process during capillary printing of unidirectional AgNW arrays. The solvent-
evaporation-induced capillary force produces highly aligned networks by dragging confined AgNWs at
the solid-liquid-vapor contact line. (c) Dark-field optical images of differently oriented AgNW
structures fabricated with a solution concentration of 0.05 wt% via one-step (unidirectional) and multi-
step (45°, 60°, and 90° crossed) capillary alignments. The scale bar is 40 pm. The fast Fourier transform
(FFT) analyses of the images, presented in the insets, show the corresponding geometric structures.
Figure 2.3. Dark-field optical micrographs of AgNW networks fabricated with a concentration of 0.1
wt.% by capillary printing using (a,b) nano-patterned, (c,d) micro-patterned and (e) flat PDMS stamps,
respectively. The printing conditions include a speed of 1.5 mm/s and a pressure of 1.57 kPa. Alignment
using nano-patterned PDMS stamps provides aligned AgNW networks with a characteristic line-shaped
FFT pattern, in contrast to the blurred circular FFT pattern produced from networks using a flat PDMS
stamp. All scale bars are 40 pm.

Figure 2.4. Effect of the angle of the triangular PDMS stamp on the NW alignment process.
Photographic images of AgNW arrays prepared using triangular PDMS stamps with angles of (a) 5°,
(b) 10°, (c) 20°, and (d) 30°. (e-h) Close-up images of the meniscuses formed using triangular PDMS
stamps with different angles (5°-30°). (i-1) Dark-field images of aligned AgNW arrays coated using
triangular PDMS stamps with different angles on glass treated by O2 plasma. The scale bar is 40 um.
Figure 2.5. (a) Schematic illustration showing the measurement of contact pressure between the nano-
patterned PDMS stamp and the substrate. (b) Dark-field optical micrographs of aligned AgNW
networks fabricated with a concentration of 0.5 wt.% using different contact pressures (0-3.14 kPa).
Line-shaped FFT patterns in the insets demonstrate that the alignment degree is increased with
increasing contact pressure. The scale bar is 40 pum.

Figure 2.6. Dark-field optical micrographs of aligned AgNWs deposited on substrates chemically
modified by (a) hexamethyldisilazane (HDMS), (b) O2 plasma treatment, (c¢) (3-
Aminopropyl)triethoxysilane ~ (APTES), (d) poly-L-lysine  (PLL), and (e) 3-(2-
Aminoethylamino)propyltrimethoxysilane (AAPTS). The scale bar is 40 um. (f) The surface density of
aligned AgNWs deposited on differently modified substrates.

Figure 2.7. (a) Photographs of glass, PET, and PDMS substrates deposited with aligned AgNW arrays.
(b) Dark-field optical micrographs of highly aligned AgNW arrays using a concentration of 0.05 wt.%
measured at three points on the glass substrate with a size of 25 mm x 25 mm. All scale bars are 40 pm.
Figure 2.8. (a) Dark-field optical micrographs of random AgNW network fabricated by spincoating.
The scale bar is 40 um. FFT image provided in inset. (b) Radial summation of pixel intensity distribution

between 0° and 360° in the FFT analyses of AgNW networks with aligned and random structures. (c)



Radial summation of pixel intensity distribution between 0° and 360° in the FFT analyses of different
geometric (45°, 60°, 90° crossed) AgNW networks fabricated via multi-step capillary printing
alignment process.

Figure 2.9. Quantitative FFT analyses of the degree of alignment of capillary-printed AgNW networks.
(a) Optical micrographs of aligned AgNW networks fabricated using different coating speeds (0.5-10
mm s™') and solution concentrations (0.1-0.5 wt.%) on PLL-coated substrates. FFT images in the insets
of the optical micrographs indicate unidirectional structures with anisotropic features. The scale bar is
20 um. FWHM fitting data, calculated from the radial summation of pixel intensity in the FFT images,
indicates the degree of alignment for printed AgNW networks fabricated with (b) different solution
concentrations and (c) different coating speeds.

Figure 2.10. Radial summation of pixel intensity between 0° and 180° in FFT analyses of dark-field
optical micrographs for aligned AgNW networks coated using (a) different solution concentrations (0.1-
0.5 wt.%) and (b) different coating speeds (0.5-10.0 mm s™).

Figure 2.11. Electrical percolation behaviors of AgNW networks with different geometries. (a)
Comparison of Rs in aligned and random AgNW networks as a function of surface area density. Power-
law fits of R; for (b) aligned and (c) random AgNWs as a function of (S - S¢), where S. (%) is the critical
surface area density for the onset of conductivity

Figure 2.12. Comparison of optical and electrical performances of AgNWs with aligned and randomly
oriented networks. (a) SEM images of aligned AgNW and random AgNW networks show good
agreement with corresponding geometric structures. Schematics provide a basis for the understanding
of the electrical percolation behavior of the networks. All scale bars are 2um. (b) Sheet resistance (R;)
for AgN'W networks with aligned and randomly oriented geometries as a function of NW linear density.
(c) Optical transmittance 7 (solid lines) and haze factor (dashed lines) over the visible spectrum for
aligned (blue) and random (red) AgN'Ws with similar R values. The substrate was used as a reference.
(d) Change in the Rs of aligned AgNW networks as a function of the alignment degree, wherein FWHM
values are calculated from the radial summation of the pixel intensity in FFT patterns. Comparison of
(e) the Rs-T performance and (f) FoM values of different AgNW electrodes.

Figure 2.13. (a) Change in NW linear density and (b) T over the visible light range (400-800 nm
wavelength) for aligned AgNW networks fabricated with different coating speeds. (c) The comparison
of NW density of our work with the NW densities of other assembly techniques estimated from the
reported results.

Figure 2.14. Sheet resistances of aligned AgNW networks for different measurement directions as a
function of FWHM values. Aligned AgNW networks with various alignment degrees were fabricated
with solution concentrations of 0.05-0.5 wt.%, coating speed of 1.5 mm s, and coating pressure of 1.57

kPa.



Figure 2.15. Mechanical properties of aligned AgNW films on PET substrates. (a) Variations in
resistance of aligned AgN'W film as a function of bending radius. (b) Resistance change over the course
of 1000 bending cycles at the bending radius of 1.25 mm. Resistance was measured after the films were
released and had resumed the lengths measured prior to bending.

Figure 2.16. Device structure and characteristics of PLEDs using aligned AgNW electrodes. (a)
Schematic PLED structure. (b) Schematic energy level diagrams under the flat-band condition for
PLEDs with AgNW electrodes. (¢) Current density, (d) luminance, (e) luminous efficiency, and (f)
power efficiency with changes in the applied voltage for PLEDs with ITO, random, and aligned AgNW
electrodes.

Figure 2.17. AFM images of (a) aligned AgNW networks and (b) random AgNW networks. The surface
roughness of aligned AgNWs films is lower than that of random AgNWs films. The scale bars are 2 pm.
Optical images for the surface of PEDOT:PSS coated onto (c) aligned and (d) random AgNW films.
The scale bars are 100 um. The surface of random AgNWs films shows the protrusion of NWs through
the PEDOT:PSS layer. The scale bars of the magnifications are 20 pm.

Figure 2.18. Transmittance spectra of ITO, random AgNW, and aligned AgNW films on glass substrates.
Figure 2.19. Device structure and characteristics of PSCs using aligned AgNW electrodes. (a)
Schematic PSC structure. (b) Schematic energy level diagrams under the flat-band condition. (c¢) J-V
characteristics under AM 1.5 illumination at 100 mW c¢m™ and (d) IPCE of PSCs with ITO, random,
and aligned AgNW electrodes.

Figure 2.20. Light-emitting characteristics. Variations in (a) current density, (b) luminance, (c) EL
efficiency, and (d) power efficiency with applied voltage using ITO-coated and random or aligned
AgNW-based electrodes on flexible substrates.

Figure 2.21. J-V characteristics under AM 1.5 illumination at 100 mW c¢m with ITO and aligned
AgNWs for flexible PSCs.

Figure 2.22. Performances of flexible PLEDs and PSCs. (a) Normalized luminance of flexible PLEDs
and (b) power conversion efficiency (1) of PSCs using ITO and aligned AgNW on PET substrates over
the course of 1000 bending cycles at 5 V with a bending radius of 5 mm. The insets show photographs
of the flexible aligned AgNW-based PLED and PSC.

Figure 3.1. Hybrid NP-enhanced plasmonic AgNW network. (a) Representative illustration of a NP-
enhanced plasmonic AgNW network. (b) Schematic illustration of plasmon coupling in a NW-NP
hybrid plasmonic system showing the interaction between LSP of a metal NP and propagating SPP on
a metal NW. (¢) Transmission electron microscopy (TEM) image of core-shell Ag@SiO,NPs. The scale
bar indicates 20 nm. (d,e) SEM images of an aligned AgNW network decorated with core-shell
Ag@SiO,NPs. Scale bars indicate 500 nm and 100 nm, respectively. (f) Optical transmittance of an
aligned AgNW decorated with Ag@SiO:NPs film in the visible region. (g) Optical absorption spectra
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of (top) aligned AgNW networks decorated with different densities of Ag@SiO,NPs, (bottom) AgNP
and Ag@SiO,NPs in the range of 300-800 nm. (h) Polarization dependent optical absorption spectra of
aligned AgNW networks decorated with Ag@SiO,NPs. Polarization angles are defined as parallel (0°of
polarization) and perpendicular (90°of polarization) to the axis of the NWs.

Figure 3.2. (a) TEM image of core-shell Ag@SiO, NPs, which comprise of core AgNP and SiO; shells
(b) The size distribution of core-shell Ag@SiO, NPs, obtained from an image analysis of 60 core-shell
Ag@SiO, NPs in TEM images.

Figure 3.3. Schematic of fabrication process for NP-enhanced plasmonic AgNW electrodes on glass
substrates.

Figure 3.4. SEM images of aligned AgNW network. All scale bars indicate 1 pm.

Figure 3.5. Optical absorption spectra of (a) aligned AgNW and (b) random AgNW with different
polarization of incident light.

Figure 3.6. Simulated extinction spectra of a single AgNW and an AgNW-Ag@SiO,NP junction.
Figure 3.7. Enhancement in extinction spectrum of NP-enhanced plasmonic AgNWs.

Figure 3.8. Plasmonic behavior of NP-enhanced plasmonic AgNW electrodes. E-field distribution of
(a) an AgNW and (b) an AgNW decorated with an Ag@SiO,NP. Incident light of 416 nm wavelength
is polarized perpendicular to the long axis of the NW. (¢) Schematic of plasmonic behavior of an AgNW
decorated with an Ag@SiO,NP. The AgNP on the AgNW acts as nano-antenna to couple incident light
into SPPs propagating along the NW (top). Calculated electric field intensity for NW and NP-NW along
the NW length (bottom). (d,e) Raman analysis of a NP-NW system with different polarization angles
of incident light. (d) SEM image of a single AgNW decorated with an AgNP for Raman analysis. The
arrows indicate incident light with perpendicular (purple) and parallel (red) polarization along the NW
direction, respectively. The scale bar is 100 nm. (¢) Raman spectra of poly-L-lysine (PLL) adsorbed on
NP-NW junction using an incident laser with 532 nm wavelength, polarized perpendicular (purple) and
parallel (red) along the NW direction. (f) Raman spectra of PLL adsorbed onto NW and NP-NW
junction networks. (g-i) Surface-enhanced Raman spectroscopy (SERS) images. Raman mapping
images of PLL adsorbed on (g) AgNW, (h) Ag@SiO>NPs-AgNWs and (i) Ag@SiO,NPs on glass
substrates.

Figure 3.9. E-field distribution for single AgNW and AgNW decorated with Ag@SiO2NP when the
incident light at 416 nm, polarized in parallel direction to NW.

Figure 3.10. (a-c) SEM images for three different structures of (a) AgNW, (b) AgNW-Ag@SiO,NPs,
and (c) Ag@SiO,NPs. All scale bars indicate 1 um.

Figure 3.11. Photoluminescence behavior of fluorescent SY films on NP-enhanced plasmonic AgNW
electrodes. Confocal images of (a) an aligned AgNW network and (b) an aligned AgNW network
decorated by Ag@SiO,NPs coated by SY. The scale bars indicate 5 pm. (¢) High-resolution confocal
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image of a single AgNW decorated by an Ag@SiO,NP, coated by SY where significant enhancement
of fluorescence emission is observed at the NW-NP junction. The scale bar is 4 pm. (d) Steady-state
photoluminescence spectra of SY films with an aligned AgNW network and an aligned AgNW network
decorated by Ag@SiO,NPs.

Figure 3.12. Device structure and characteristics of OLEDs using NP-enhanced plasmonic AgNW
electrodes. (a) Schematic device structure of OLEDs with NP-enhanced plasmonic AgNW electrodes.
(b) Schematic energy level diagram under the flat-band condition. (c) Current density, (d) luminance,
(e) luminous efficiency and (f) power efficiency versus applied voltage for OLEDs with ITO, aligned
AgNW, and NP-enhanced plasmonic AgNW electrodes.

Figure 3.13. Device structure and characteristics of OSCs using NP-enhanced plasmonic AgNW
electrodes. (a) Schematic device structure of OSCs with NP-enhanced plasmonic AgNW electrodes. (b)
Schematic energy level diagram under the flat-band condition. (c) J-V characteristics of under AM 1.5G
illumination at 100 mWcm™. (d) IPCE spectra of OSCs using ITO, aligned AgNW and NP-enhanced
plasmonic AgNW electrodes.

Figure 3.14. Comparison of EQE enhancement with absorption changes caused by AgNW-
Ag@SiO;NPs.

Figure 3.15. Photocurrent density versus effective voltage for devices with AgNW and Ag@SiO,NPs-
AgNW electrodes.

Figure 4.1. (a) Schematic illustrations of the fabrication procedure for ultrathin orthogonal AgNW
transparent electrodes produced on 1.3 um-thick PEN foil. (b) Dark-field optical microscope image of
the orthogonal AgNW arrays with corresponding fast Fourier transform (FFT) pattern of inset image.
The scale bar indicates 40 um. (c) The ultrathin orthogonal AgNW transparent electrode foil, crumpled
by a person’s finger. (d) An ultrathin and lightweight PSC device mounted on a surface of the leaf. (e)
Cross-sectional SEM image of device structure for PSC with orthogonal AgNW array. The scale bar is
100 nm. (f-h) Mechanical properties of the orthogonal AgNW transparent electrode foils. Variation in
resistance of orthogonal AgNW electrode foil as a function of (f) bending cycles at a bending radius of
2 mm, (g) crumpling cycles, and (h) twisting angles. The inset images show corresponding deformation
(twisting, crumpling, bending) of orthogonal AgNW electrode foil, adhered to PDMS thin film.
Figure 4.2. Dark-field optical micrograph of random AgNW network. The fast Fourier transform (FFT)
image of the optical micrograph in the inset exhibits a blurred circular pattern, indicating corresponding
surface geometric structure.

Figure 4.3. The optical transmittance of orthogonal AgNW and random AgNW electrodes, deposited
on glass substrates, in visible range of 350-800 nm wavelength with corresponding sheet resistance.
The glass substrate was used as reference.

Figure 4.4. The energy band diagram for the PSC with orthogonal AgNW electrode.
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Figure 4.5. (a) A schematic illustration of silver-halide formation in PSCs fabricated on random and
orthogonal AgNW electrodes. (b,c) Tilted SEM images of the surface of PEDOT:PSS coated on (b)
PH1000/orthogonal AgNW electrode and (c) PH1000/random AgNW electrode, respectively. (d,e)
AFM images of the surface of PEDOT:PSS coated on (d) PH1000/orthogonal AgNW electrode and (e)
PH1000/random AgNW electrode, respectively. (f) The variation in the resistance of both the random
and orthogonal AgNW electrodes as a function of the SVA time. (g,h) The distribution of the Ag
originated from XPS-depth profiles of PSCs with (g) orthogonal AgNW and (h) random AgNW
electrodes, respectively.

Figure 4.6. The SEM images for the surface of perovskite active layers, deposited on
PEDOT:PSS/PH1000/AgNW, as a function of the SVA time.

Figure 4.7. (a) J-V characteristic and (b) IPCE of PSC devices with ITO, orthogonal AgNW, and
random AgNW electrodes. (¢) Long-term stability of PSCs in controlled atmosphere (N»-filled glove
box). (d) The quantitative PCE values of PSCs with ITO, orthogonal AgNW, and random AgNW
electrodes.

Figure 4.8. J-V hysteresis characteristic of PSC with orthogonal AgNW electrode measured with
forward and reverse bias.

Figure 4.9. (a) J-V characteristic of flexible PSC and ultralight PSC with orthogonal AgNW foil
electrode. (b) Ultralight PSC adhered to a toy robot in which two copper wires are connected to anode
and cathode of PSC, respectively. (c) Ultralight PSC suspended in bubbles. (d) The power-per-weight
performance of ultralight PSC compared to other types of light solar cells.

Figure 4.10. (a) A photograph of flexible PSC fabricated on the orthogonal AgNW electrode. (b) The
variation in normalized device efficiency of PSCs with ITO and orthogonal AgNW electrodes under
repeated 1000 times bending cycles.

Figure 4.11. A photograph of ultralight PSC device attached to a miniaturized toy robot to demonstrate
wearable feature. Such ultralight PSC device was connected with two copper wires and 91€Q2 load, which
produced 7.8 mW with an open circuit voltage of 0.84V on a sunny spring.

Figure 4.12. A photograph of ultralight PSC device put on an electric scale, indicating extremely light
weight.

Figure 5.1. (a) Photographs of various kinds of Meyer rods (#2, #3, #6, #10, and #15) and (b)
corresponding optical microscope images. The scale bar is 200 um. (¢) Schematic illustration of the
specifications of various Meyer rods. The rod number determines the diameter of wrapped wires and
the open area.

Figure 5.2. Large-scale bar-coating alignment of unidirectional and cross-aligned AgNW arrays. (a) A
photograph of the solution-processed bar-coating alignment of the AgNWs on a 20 x 20 ¢cm? PET

substrate and (b) a schematic showing the alignment process of AgNWs during the bar-coating assembly
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of the AgNW solution. The combined interaction between shear stress alignment and the electrostatic
pinning produced highly aligned and uniform AgNW arrays during the dragging of a confined meniscus
between the rod and substrate. (c) Dark-field optical microscope images of the unidirectionally aligned
and (d) cross-aligned AgNW arrays. Insets are the fast Fourier transform (FFT) analyses of the optical
micrographs indicating the direction and uniformity of the aligned AgNW structures. The scale bars are
40 pm. (e) Distribution of the alignment degrees of 150 NWs in Fig. 1c with a full width at half
maximum (FWHM) value of 21.4. (f) Mapping image showing the highly uniform distribution of
FWHM values of each pixel in a 4 x 4 array over a large-area (20 x 20 cm?) of aligned AgNWs. The
FWHM values were calculated by fitting the radial summation of the pixel intensities of the FFT
analysis.

Figure 5.3. Schematic of an overall procedure for the solution-processed bar-coating assembly to
fabricate unidirectionally and cross-aligned AgNW arrays. Before the bar-coating assembly, poly-L-
lysine (PLL) solution is coated on O plasma-treated target substrate to form amine groups on the
surface. Consecutively, the meniscus dragging produces highly aligned AgNW arrays. The cross-
aligned AgNW array is formed by repeating the bar-coating assembly in a perpendicular direction to
that of the pre-aligned AgNW arrays.

Figure 5.4. Dark-field optical micrographs of the unidirectionally aligned AgNWs coated with AgNW
ink dispersed in different kinds of solvents; (a) isopropyl alcohol (IPA), (b) water, and (c) ethanol.
During the bar-coating assembly, #2 bar, 3 ul of volume, and 10 mm s™' of coating speed were used in
all experiments. The scale bar is 40 pm.

Figure 5.5. Dark-field optical micrographs of the aligned AgNW networks coated on substrates
modified with different types of functional groups; (a) PLL (-NH>), (b) hexamethyldisilazane (HMDS)
(-CH3), and (c) O, plasma (-OH). During the bar-coating assembly, #2 bar, 3 pl of volume, and 10 mm
s of coating speed were used in all experiments. The scale bar is 40 pm.

Figure 5.6. X-ray photoelectron spectroscopy (XPS) survey to investigate the interactions between
AgNWs and the substrate surface pretreated with different functional groups with PLL, HMDS, and O,
plasma. (a) High resolution N 1s spectra of the pristine AgNW, PLL, PLL/AgNW, HMDS/AgNW, and
O, plasma/AgNW. (b) High resolution C 1s spectra of the pristine AgNW, HMDS/AgNW, and O,
plasma/AgNW. (c) High resolution Ag 3d spectra of the pristine AgNW, PLL/AgNW, HMDS/AgNW,
and O; plasma/AgNW.

Figure 5.7. The radial summations of the pixel intensities of the fast Fourier transform (FFT) analysis
data as a function of radial angle (0-180°) of the unidirectional AgNW array, cross-aligned AgNW
arrays, and random AgNW network. Contrary to aligned and cross-aligned AgNWs networks which
show clear Gaussian peaks, random AgNW network shows uncertain spectra of radial summations due

to the lack of directionality.
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Figure 5.8. Dark-field optical micrograph of the random AgNW networks fabricated by conventional
bar-coating process. Inset shows the corresponding FFT analysis data. The scale bar is 40 um.

Figure 5.9. Large-area (20 x 20 cm?) alignment of the AgNW:s by bar-coating assembly. 16 dark-field
optical micrographs of the aligned large-area AGNW arrays in a large-area (20 x 20 cm?) PET film and
the corresponding FFT analysis images in the insets. For the bar-coating assembly, #2 bar, 100 pl of
volume, and 10 mm s™! of coating speed were used in the experiment. The FWHM values of 16 AgNW
arrays confirm the high uniformity and the scalability of the bar-coating assembly process as shown in
Figure 5.2f. The scale bar is 40 pum.

Figure 5.10. Unidirectional bar-coating alignment of the AgNW arrays and the anisotropic optical
properties. (a-c) FWHM values according to the variation in the bar-coating parameters, including the
amount of solution (2-40 pl), coating speed (10-70 mm s!), and substrate temperature (23-60 °C). (d-f)
Anisotropic optical properties of the unidirectional AgNW arrays. (d) Schematic showing the polarized
absorption test as a function of the angle 8 between the direction of the polarized incident light and the
NW alignment. (e) Polarized UV-vis absorption spectra of unidirectionally aligned AgNW arrays as a
function of polarization angle (0-90°). (f) Optical dichroic property of unidirectionally aligned AgNW
array. Polarized optical microscope images of “UNIST” patterns with different AgNW alignment
directions exhibits invisible AgNW arrays when the light was polarized parallel to the direction of
AgNW alignment (6 = 0°) and clearly visible AgNW array when the light was polarized perpendicular
to the direction of AgN'W alignment (8 = 90°). The scale bar is 100 pm.

Figure 5.11. Dark-field optical micrographs of the aligned AgNW networks fabricated by the bar-
coating assembly with different coating conditions; (a) volume of solution (2-40 pl), (b) coating speed
(10-70 mm s), and (c) substrate temperature (23-60 °C). All insets show the corresponding FFT
analysis images. The scale bar is 40 pm.

Figure 5.12. The effect of the amount of AgNW dispersion on the formation of contact area between
the meniscus and the substrate. Schematics and close-up photographs show the meniscus between the
rod and substrate with a different volume of dispersion (2-40 pl). As the volume of dispersion increases,
the contact area becomes broader. The scale bars are 500 um (top) and 1000 um (bottom).

Figure 5.13. Schematic showing the intensity distribution of shear force according to the variation of
the height (d) of meniscus. In the meniscus dragging process, the shear force gradient is generated as a
function of the height of the meniscus in a Couette flow. Therefore, the AgNWs located far from the
dragging bar have a high probability of misalignment due to a reduced shear force. In thick meniscus
film, many of AgNWs are located far from the dragging bar and thus have a high probability of
misalignment. In thin meniscus film, most of AgNWs are near the dragging bar, which results in the

high probability of alignment.
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Figure 5.14. The effect of spacer thickness for the alignment of AgNWs. (a) Schematics showing the
different height of the meniscus between the rod and the substrate depending on the thickness of spacer.
As the thickness of spacer increases, the height of meniscus increases. (b) Dark-field optical
micrographs showing the alignment of AgNWs depending on the variation of spacer thickness (20-120
um). During the bar-coating assembly, #2 bar and 10 mm s of coating speed were used in all
experiments. The scale bar is 40 pm.

Figure 5.15. Polarized UV-Vis absorption spectra of the random AgNW networks as a function of
polarization angle (¢) from 0 to 90°. As compared to aligned AgNW arrays, random AgNW networks
without any anisotropic optical properties do not show any noticeable change in their absorption peaks
as the polarization angle increases.

Figure 5.16. Schematics showing the polarized optical microscope modes according to the direction
between the polarizing filter and the AgNW alignment direction; (a) 8 = 0°, (b) 8 = 90°. When the
polarizing filter and the aligned AgNW array have the same vertical polarization direction (6 = 0°),
vertically polarized light passes through the aligned AgNW film. However, when the polarizing filter
and aligned AgNW array have the perpendicular polarization direction (6 = 90°), polarized light cannot
penetrate the aligned AgNW film.

Figure 5.17. Dark-field optical micrographs of cross-aligned AgNW arrays by varying the number of
cross-coatings for bar-coating conditions of (a) #2 bar and 3 pl, (b) #3 bar and 4 pl, and (c) #6 bar and
8 ul. All of the cross-aligned AgNW arrays were fabricated at the coating speed of 10 mm s™!. The scale
bar is 40 pm.

Figure 5.18. Optical and electrical performance of the large-area transparent conductive electrodes
(TCESs) using the cross-aligned AgNW networks. (a) UV-vis spectra and corresponding sheet resistance,
R, of cross-aligned AgNW arrays with different numbers of cross-coatings. The substrate was used as
a reference in all UV-vis experiments. (b) R; versus optical transmittance, 7, at 550 nm for the cross-
aligned and random AgNW networks fitted by percolative regime. (c) Rs versus 7 performance of
various AgNW TCEs. (d) A photograph of large-scale (20 x 20 cm?) TCE coated with uninform cross-
aligned AgNW arrays (top), and schematic showing its 4 x 4 pixels for analysis (bottom). (¢) 4 x 4
pixels mapping images showing the R; distribution of cross-aligned and (f) random AgNW networks
over a large substrate area (20 x 20 cm?). The average R was set so as to be similar in both films. (g) 4
x 4 pixels mapping images showing the 7 distribution of cross-aligned and (h) random AgNW networks
over a large substrate area (20 x 20 cm?).

Figure 5.19. Mechanical stability of cross-aligned AgNW based TCEs on PET substrate. (a) Variation
in resistance of cross-aligned AgNW TCEs as a function of bending radius. (b) Resistance change of

cross-aligned AgNW TCEs during 1000 bending cycles at the bending radius of 1.5 mm.
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Figure 5.20. Large-scale, flexible, and transparent touch screens using cross-aligned AgNW TCE:s. (a)
Schematic showing the structure of the large-scale, flexible, and transparent touch screen using the
cross-aligned AgNW arrays on a PET substrate connected to a laptop computer through a controller
board. (b) A photograph of the large-scale, flexible, and transparent touch screen (20 x 20 cm?) using
cross-aligned AgNW TCEs. (c) Demonstration of writing alphabet letters on the transparent touch
screen, which have been recorded on the computer monitor. (d) Demonstration of tracing a picture of a
butterfly placed under the transparent touch screen.

Figure 5.21. (a-f) Output images of touch signal and (g) normalized gap distance between adjacent
touch signals, generated by two touch points pressed with different gap distance of (a) 0 um, (b) 50 pum,
(c) 100 pm, (d) 200 pm, (e) 500 um, and (f) 1000 um on touch screen based on cross-aligned AgNW
TCEs. Our touch screen can detect touch location with the resolution of 100 gm, which corresponds to
the resolution of touch controller board. Ly is defined as minimum gap distance between two touch
signals that can be distinguished by touch screen.

Figure 5.22. Demonstration of large scale, flexible touch screen fabricated by cross-aligned AgNW
based TCEs. Handwritten letters “FNL” was precisely written on top of curved surface.

Figure 5.23. Flexible, transparent, and force-sensitive touch screens. (a) Schematic illustration of the
device structure of a force-sensitive touch screen showing simultaneous force and touch sensing in
response to dynamic writings. (b) Schematic illustration of the mechanochromic touch screen system
with the color analysis using a spectroradiometer. (c) Normalized luminance at 448 nm wavelength as
a function of the writing force. A fitted line shows a linear relationship between the normalized
luminance and the writing force. (d) Photographs of mechanochromic color changes on the touch screen
as a function of different dynamic writing force. The blue color intensity of the written letters “FNL”
on the touch screen increases with the writing force. The scale bar is 1 cm. (e) Normalized luminance
spectra of blue color letters “FNL” in visible range (380-520 nm). Based on the linear curve in Figure
Sc, the applied forces can be determined to be from F; = 4.3£0.2 N to F5 = 14.9£3.4 N. (f)
Representation of the color coordinates on the CIE 1931 color space according to the different writing
force. The X-Y coordinates move to the deep blue region with the increase of applied force. (g) A
photograph of the written letter “A” on the mechanochromic touch screen (left) and its 10 x 10 pixels
array of applied force mapping data showing the local force distribution (right). The scale bar is 1 cm.

Figure 5.24. The investigation of the relationship between the color intensity and the applied writing
force using a spectroradiometer. (a) The photographs of the different lines on the mechanochromic touch
screen as a function of writing force and (b) its normalized luminance spectra in visible range (380-520

nm). The horizontal lines are drawn by a stylus as a function of dynamic writing force.
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Figure 5.25. The resolution of line width drawn by using different tip size of stylus on mechanochromic
SP-PDMS film. (a,b) The stylus with small size of tip can generate very thin blue line with the thickness
of ~79 um. (c,d) Stylus with large size of tip generates blue line with the thickness of ~147 pm.

Figure 5.26. Real time monitoring images of mechanochromic colors on the touch screen (a) and its
touch signals on the laptop monitor (b). The red dotted squares show the alphabet “A” written by the

smallest force during the writing on the mechanochromic touch screen. The scale bar is 2 cm.

Figure 6.1. Fabrication of free-standing hybrid NMs with orthogonal AgNW array. (a) Schematic of
fabrication procedure for free-standing hybrid NMs with orthogonal AgNW array embedded in polymer
matrix. (b) Free-standing AgNW composite NMs floating on a surface of water. The scale bar indicates
1 em. (c) Dark-field optical microscope image of orthogonal AgNW arrays. The inset shows a fast
Fourier transform (FFT) image of the optical micrograph, corresponding to its surface geometric
structure. The scale bar indicates 40 pm. (d) Cross-sectional SEM image of hybrid NM as-fabricated
on a ZnQ/Si substrate. The scale bar indicates 100 nm. (e¢) Optical transmittance of polymer NMs,
hybrid NM, bare PET, and bare glass in visible range of 400-800 nm. The glass is used as a reference.
(f) Photograph of hybrid NM on surface of water under compressive force applied by a glass rod. The
scale bar indicates 3 mm. (g) Free-standing hybrid NM supported by a wire loop. Inset shows the high
transparency of the hybrid NM. The scale bar indicates 1 cm. (h) Hybrid NMs transferred onto
curvilinear surface and (i) onto human skin.

Figure 6.2. Fabrication of free-standing hybrid NM with orthogonal AgNW array by removing the
sacrificial layer.

Figure 6.3. Total thickness of hybrid NMs measured by atomic force microscopy.

Figure 6.4. Transmittance in visible range of 400-800 nm and corresponding sheet resistance, Rs, of
the orthogonal AgNW array with different numbers of orthogonal coatings.

Figure 6.5. The structural design of the hybrid NM for the calculation of the bending stiffness with
geometrical parameters illustrated.

Figure 6.6. SEM images of the hybrid NM folded in half.

Figure 6.7. Conformal contact of AgNW composite hybrid NMs on 3D microstructures. (a) Schematic
of conformal contact of NMs on the skin surface. (b) Hybrid NMs attached to a thumb. The inset shows
a micrograph of a hybrid NM on the skin of a fingertip. The scale bar indicates 1 mm. (¢) and (d) SEM
images of the hybrid NMs transferred on line-patterned 3D PDMS microstructures with a line width of
(c) 20 and (d) 120 pwm. The scale bars indicate 10 and 20 pm, respectively. The insets show a
magnification images with the scale bars indicating (c) 10 and (D) 50 um. SEM images of the hybrid
NMs with different thickness of (e) 40, (f) 100, and (g) 200 nm transferred on micropyramid-patterned
3D PDMS microstructures with diameter of 10 pm and height of 7 um. All scale bars indicate 5 pm.
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Figure 6.8. High magnitude SEM images of the hybrid NM transferred on the line-patterned PDMS
with a line width of 20 pm.

Figure 6.9. Estimated step surface coverage of the hybrid NMs with different thickness placed on a
micropyramid-patterned PDMS substrate.

Figure 6.10. Mechanical properties of hybrid NMs with orthogonal AgNW array. (a) Free-standing
hybrid NMs with different densities of orthogonal AgNW arrays floating on the water surface. NMs are
wrinkled by a water droplet of radius a = 0.3 mm. The number of wrinkles decreases as the density of
AgNWs increases. All scale bars indicate 200 pum. (b) Young’s modulus (£) of NMs as calculated from
the wrinkle tests. (c¢) Comparison of calculated and experimental bending stiffness of hybrid NMs with
different density of orthogonal AgNW arrays. Measured bending stiffness was calculated by using
Young’s modulus experimentally obtained from capillary wrinkling method. (d) Applied indentation
load versus displacement of free-standing hybrid NMs as a function of density of orthogonal AgNW
array. (¢) Maximum indentation load versus displacement of hybrid NMs as a function of orthogonal
AgNW arrays.

Figure 6.11. Number of wrinkles generated from a pure parylene NM and hybrid NMs.

Figure 6.12. Variation in the number of wrinkles N as a function of N ~ a'?h*,

Figure 6.13. Indentation test for measuring the mechanical properties of NMs.

Figure 6.14. Loading-unloading indentation test.

Figure 6.15. Skin-attachable NM loudspeaker. (a) Schematic of skin-attachable NM loudspeaker with
orthogonal AgNW array. Sound is generated by temperature oscillation produced by applying an AC
voltage. (b) Acoustic measurement system where sound emitted from NM loudspeaker is collected by
a commercial microphone with a dynamic signal analyzer. (c) Variation in sound pressure (SP)
generated from NM loudspeaker and thick film loudspeaker as a function of the input power at 10 kHz.
(d) Experimental and theoretical values of sound pressure level (SPL) versus sound frequency for NM
and thick PET film loudspeakers. (e) Skin-attachable NM loudspeaker mounted on the back of a hand.
The scale bar indicates 1 cm.

Figure 6.16. Infrared (IR) images of the orthogonal AgNW array with AC 10 V applied at a frequency
of 10 kHz.

Figure 6.17. SPL versus distance between the commercial microphone and thermoacoustic loudspeaker
using an orthogonal AgNW array on a PET substrate.

Figure 6.18. Theoretical values of SPL as a function of sound frequency for (a) 100 nm-thick and (b)
220 pm-thick loudspeakers with different substrates.

Figure 6.19. Wearable and transparent NM microphone. (a) Schematic of wearable NM microphone
device. (b) Transparent NM microphone placed over “UNIST” logo, illustrating its transparent and

unobtrusive appearance. The scale bar indicates 1 cm. (c) Sensing measurement system for NM
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microphone. Variation in the output voltages as a function of (d) sound frequency and (e) SPL for NM
microphone and thin-film microphone. (f) Waveform and short-time Fourier transform (STFT) signals
of original sound (“There’s plenty of room at the bottom”, left) extracted by the sound wave analyzer,
the signal read from the NM-based microphone (middle), and thin-film microphone (right)

Figure 6.20. Comparison of adhesion force of various micro-patterned PDMS films.

Figure 6.21. Schematic of (a) NM and (b) thin-film microphone devices. In the NM microphone,
NMs are mounted to the “holey” PDMS film as a free-standing geometry. In the thin-film microphone,
a hybrid NM mounted to a planar PDMS film without a hole is fully laminated with the surface of
PDMS film, where NMs cannot be free-standing.

Figure 6.22. Waveform and short-time Fourier transform (STFT) signals of original sound (“There’s
plenty of room at the bottom”, left) extracted by the sound wave analyzer, where the signal was read
from a commercial microphone.

Figure 6.23. Personal voice-based security system. (a) Schematic of voice security system (left) and
photograph of authorization process using free-standing NM microphone (right). (b) Sound waveforms
and (c) voiceprints collected from registrant, authorized user, and denied user using NM microphone.
(d) Matching probability of voiceprint for authorized user using NM microphone and commercial
microphone. (e) Matching probability of voiceprints obtained from different users including registrant,
man, and two women.

Figure 6.24. FFTs extracted from the sound wave of the word “Nanomembrane” obtained from voices
of different subjects including the registrant, authorized user and denied users.

Figure 6.25. FFTs extracted from the sound wave, obtained from the voice of a registrant by using
(upper) NM microphone and (bottom) commercial microphone (40PH, G.R.A.S.).

Figure 6.26. FFTs for repeated test of 10 times, extracted from the sound wave of the word “hello”

obtained from various voices of different subjects including the registrant, a man, and two women.

20



List of Tables

Table 2.1. Device Characteristics of PTB7-Th/PC-1.BM PSCs and SY PLEDs with ITO or random and
aligned AgNW Electrodes.

Table 3.1. Device characteristics of SY-based OLEDs and PTB7-Th:PC7BM based OSCs using ITO,
aligned AgNW and NP-enhanced plasmonic AgNW electrodes

Table 4.1. (a) J-V characteristics of PSC devices with ITO, orthogonal AgNW, and random
AgNW electrodes fabricated on glass substrates.

Table 4.2. (a) J-V characteristics of flexible PSC and ultralight PSC fabricated on thin-PEN film
and 1.3 pm-thick PEN foil with orthogonal AgNW arrays, respectively.

21



Nomenclature

AgNW Silver nanowire
ITO Indium tin oxide
TCE Transparent conductive electrode
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Chapter 1. Introduction.

In recent advances with miniaturized, portable, and light-weight personal devices, academic and
industrial researchers are now seeking for the fabrication of more convenient and comfortable electronic
devices that are highly flexible, foldable, and even wearable. Figure 1.1 represents the research tends
for the rapid progress of electronic and optoelectronic devices in last decade. Here, a number of research
groups have actively developed conformal, flexible, or even stretchable electronic devices for potential
applications, such as flexible/wearable power source, electronic skin (E-skin), healthcare monitoring
devices, stretchable organic light emitting diodes (OLEDs), and flexible touch sensor.!”’” Recently,
Someya research group has developed skin-attachable e-skin for monitoring bio-signal of human body
with metal nano-mesh electrodes that provides ultrathin, gas-permeable, and light-weight features,

enabling conformal integration of the devices to the skin.*

Nat. Mater. 2009, 8, 494 Adv. Mater. 2013, 25, 4006 Adv. Mater. 2014, 26, 6307 Nat. Nanotechnol. 2017, 12, 907
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Figure 1.1. Representative images to show recent research tends for flexible/wearable electronic and
optoelectronic device applications. (Sekitani et al. Nat. Mater. 2009, 8, 494, W. Gaynor et al. Adv. Mater.
2013, 25, 4006, Muth et al. Adv. Mater. 2014, 26, 6307, Miyamoto et al. Nat. Nanotechnol. 2017, 12,
907, D. J. Lipomi et al. Nat. Nanotechnol. 2011, 6, 788, Liang et al. Nat. Photonics 2013, 7, 817, Lee
et al. Nat. Nanotechnol. 2016, 11, 472)'"7

With these impressive advances in wearable electronics, the research paradigm of electronics has

rapidly changed conventional technology-oriented devices to user-oriented devices with increasing the
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demand of Internet of Thing (IoT) that interconnects with human and machine. In particular, with
significant progress in these flexible/wearable electronic devices, the integration with flexible
transparent conductors in designing soft electronics have been intensively studied as key components
that should be electrically conductive as well as mechanically durable even under repeated deformation
induced by applied force to realize stable operation of such devices.® Despite continuous development
in the nanotechnology, it still remains challenging to achieve high-performance flexible electrode that
has high electrical conductivity, optical transparency, an excellent mechanical stability, and even
conformability, simultaneously.

Recently, random silver nanowire (AgNW) networks have been considered as promising flexible
transparent electrodes due to low sheet resistance, high transmittance, and mechanical flexibility, which
can be used in various flexible electrical and optoelectronic applications, such as solar cell, organic
light-emitting, touch screen panel, e-skin, transparent heater, and smart window.” However, there are
still several challenges that should be overcome, such as rough surface, junction resistance, haze, and
transmittance for successful device integration.

To address those issues, this thesis introduces aligned AgNW network transparent electrodes fabricated
by novel, facile, and solution-based alignment techniques, which provide several unique features
including outstanding electrical and optical properties as well as mechanical stability to realize high-
performance flexible/wearable electronic and optoelectronic devices. Thus, we believe that our novel

strategies will be powerful platform to open a new route to future soft and wearable electronic devices.

1.1 Transparent electrodes

Transparent electrode is an electrically conductive and optically transparent thin film, which is an
essential component for various optoelectronic and electronic devices, such as solar cells, organic light-
emitting diodes (OLEDs), transparent heater, touch sensor, and e-papers.'® In specific, transparent
electrodes should have low electrical sheet resistance below 1000 ohm sq' and high optical
transmittance more than 80% in visible light range from 300 nm to 800 nm, simultaneously.!! In
particular, the combination of both low sheet resistance and high transmittance in transparent electrodes
are essential and desirable to ensure the device performance in their device applications because they
suffer from the trade-off between an electrical conductivity and an optical transmittance. Figure 1.2
shows various electronic and optoelectronic applications for different transparent electrodes with
corresponding sheet resistance. For example, solar cells and OLEDs have required low sheet resistance
less than ~100 ohm sq' while higher sheet resistance over ~300 ohm sq' is acceptable for the

application of touch screen or smart window.
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Figure 1.2. The various applications for transparent electrodes with varying the sheet resistance. Such
electronic and optoelectronic devices have required different sheet resistance for stable operation and

performance of their devices. (Bae et al., Phys. Scr., 2012, T146, 014024)!2

For several decades, conventional indium tin oxide (ITO) coated glass substrates have been mostly used
as transparent conducting electrode due to low sheet resistance and high transparency to visible light.
However, ITO cannot meet several requirements for the next generation electronic device that has
required simple fabrication process, mechanical flexibility, and low-cost materials. Firstly, ITO has
inherent brittleness. The brittle nature of ITO causes the crack formation of the electrode under a
repeating bending deformation, which leads to the degradation in their electrical conductivity, resulting
in a deteriorated device performance for the device integration.'* Secondly, the price of indium as rare
element is skyrocketing because of the limitation in the supply of the indium. Thirdly, the deposition
process of ITO is also costly because of the fabrication process under high temperature and high
vacuum.'! Therefore, the fabrication of ideal flexible transparent electrode with an excellent electrical
conductivity, optical transmittance, and outstanding mechanical stability is the critical challenge for the

development of potential flexible electronic devices.
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1.2 Next generation conducting nano-materials

To address these issues, various conductive materials have been widely studied in many research efforts
to substitute conventional ITO, such as silver nanowires (AgNWs),'* carbon nanotubes (CNTs),'
graphene,'® and metal mesh,!” due to outstanding electrical and optical properties (Figure 1.3). Although
these alternatives show good electrical and optical properties, they still suffer from the classic trade-off
between an electrical conductivity and optical transparency (Figure 1.3(a)). Moreover, there have been
several issues for each conducting nano-materials due to performance limits and costly production,
which should be carefully considered for practical utilization. Firstly, conducting polymer including the
combination of poly(3.,4-ethylenedioxythiophene) and poly(styrene sulfonate) (PEDOT:PSS) have been
interested as promising alternative of ITO'®, due to high flexibility, light weight, and low cost. However,
they have some problems because of complicated process for synthesis, low transmittance in blue
ranges, chemical instability, and solubility, which limits their processibility. For another alternative of
ITO, CNTs were firstly synthesized in 1990,' which show unique electrical, optical, and mechanical
properties including an excellent electron mobility more than 100,000 cm?/V-s (Figure 1.3(d)).?° After
that, random CNT networks have been intensively studied as promising alternative to ITO by many
research groups due to its low sheet resistance and superior mechanical stability.”! However, it is still
being in challenges to separate metallic CNT from semiconducting CNTs, which do not contribute to
their electrical conductivity. In addition, the electrical conductivity of CNT films shows much lower
than ITO because of high junction resistance induced by aggregated nanotubes in the random network.*
In Figure 1.3(c), graphene, synthesized by chemical vapor deposition (CVD), has been considered for
replacing ITO due to good electrical and optical properties. Especially, graphene sheets have a few
nanometer thicknesses, enabling to have an excellent transparency in visible light region. However, the
major limitation of using graphene is the complexity of the fabrication for a single graphene sheet in
large area. In addition, they are facing the challenge in the oxidation of graphene, high cost, and mass
production. Recently, metal mesh has been introduced with an excellent electrical conductivity by
various deposition methods, such as metallized electrospinning,? self-forming,?* or patterned metal
grid®** (Figure 1.3(e)). However, there still remain some issues for low transmittance and the problem

of pattern visibility.
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Figure 1.3. (a) The sheet resistance vs visible transmittance for various transparent electrodes with
different conducing materials including ITO (Ellmer, Nat. Photonics, 2012, 6, 809).!° The various
candidates for alternative to ITO, such as (b) silver nanowires (De et al. ACS nano 2009, 3, 1767),' (¢)
carbon nanotubes (Wu et al. Science 2004, 305, 1273)," (d) graphene (Kim et al. Nature 2009, 457,
706),'® (¢) metal mesh (Schneider et al. Adv. Funct. Mater. 2016, 26, 833)."7
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1.3 Silver nanowire (AgNW) networks

Silver nanowire (AgNW) network have been considered as promising flexible transparent electrodes
due to their excellent electrical conductivity, high optical transmittance, and good mechanical flexibility.
Figure 1.4 presents several advantages of AgNWs in practical use. Firstly, such AgNWs can be made
by a solution-based synthesis process with small diameter less than 100 nm and length of more than 1
um.? Although the silver is one of expensive elements as novel metal, the cost of them used in the
synthesis of AgNWs is lower than ITO. In addition, AgNW networks can be readily deposited by low-

28

cost solution-based processes, such as spin-coating,?® drop-casting,>” bar-coating,?® spray-coating,”

30 and blade-coating’! that are scalable and low temperature deposition processes,

brush-painting,
enabling them compatible with plastic substrates for the fabrication of flexible electrodes. In these
deposition processes, AgNW networks are made of randomly interconnected NWs, which provide
electrical percolating current paths, resulting in low sheet resistance.** The desired sheet resistance and
transmittance of AgNW networks can be easily tailored by assembling such conductive percolated

network with controlling the NW density and the aspect-ratio of NWs.
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Figure 1.4. (a) The photograph of AgNW ink in ethanol solvent in a vial. (b) Bar-coating method for

the fabrication of AgNW network on plastic substrate. (c) Flexible transparent electrode with random

AgNW network. (d) The SEM image of random AgN'W network. (Hu et al. ACS Nano 2010, 4, 2955)*
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1.3.1 Synthesis of AgNW

AgNWs possess one-dimensional metal nanostructure with pentagonal structure. In addition, AgNWs
have attracted great interest as promising conductive nano-materials due to superior intrinsic properties
of bulk Ag. They are usually synthesized by the polyol process that is solution processing with the
scalability and reproducibility. In the polyol process,** AgNWs are mainly synthesized by the reduction
of the silver nitrate (AgNO3) in the presence of polyvinylpyrrolidone (PVP) in ethylene glycol as
capping agent. A pentagonal nano-structure in 5-fold twinned decahedron is formed with homogenous
nucleation of Ag as shown in Figure 1.5. Here, NW growth and their dimension are controlled by the
PVP, responsible for the passivation of anisotropic surface by preferential adsorption along the (100)
surfaces of the AgNWs while the (111) surfaces are free to grow. In addition, the degree of nucleation
and growth could be manipulated by controlling reaction conditions including temperature, the
concentration of reagent, and the presence of trace ions. Finally, AgNWs synthesized by polyol process
can be dispersed in diverse solvent, such as water, ethanol, and isopropyl alcohol (IPA).

(a) (b)

D ..

Figure 1.5. (a) Schematic illustration of the grow mechanism for the AgNW with pentagonal nano-
structure. (b) SEM image of AgNWs synthesized by the polyol process (Sun et al. Nano Lett. 2003, 3,
955).%
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1.3.2 Conductive percolation network

The electrical current path across AgNW network is an important parameter to determine their electrical
conductivity in the transparent electrode. Here, charge carriers can move along the NW and can change
their path at NW-NW junction (Figure 1.6). Therefore, high electrical conductivity of the film needs
high connectivity between AgNWs that can be manipulated with controlling the NW density and the
aspect ratio of NWs in conductive percolated network. In this respect, long AgNWs are beneficial to
enable to reach the electrical percolation with a lower NW density.

In percolation theory, the critical density (percolation threshold) of conductive network, defined as N.,
can be determined by using the relation, ¢ &< (N — N,)*, where N is the concentration of AGNW, N, is
the threshold concentration of NWs and « is the critical exponent which relates to the spatial geometry
of AgNW in ranging from 1.33 for 2D network to 1.94 for 3D network.** Therefore, controlling the
diameter and the length of NWs plays key role to allow high electrical conductivity by reducing the
junction resistance between NWs due to decreasing critical density of AgNWs involved in conductive

percolation network.

Current.%
path

Figure 1.6. Conductive percolated networks for transparent electrode with random AgNW network
where green arrow indicates current path due to interconnecting with NWs (Lee et al. Adv. Mater. 2012,

24, 3326).2
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1.3.3 Junction resistance

In conductive percolated network of AgNWs, the charge carriers are mainly moved along two
components with individual NWs and NW-NW junctions. Previously, Liangbing Hu et al. have
demonstrated the junction resistance between NWs originated from insulating PVP capping agents that
is measured larger than 1GQ while the resistance of individual AgNWs is measured few hundred ohms
(around 200 — 300 Q). As shown in Figure 1.7, it has been reported that the junction resistance is a
dominant to determine overall electrical properties of AgNW network although the electrical
conductivity of individual NWs depend on their geometric structure including the diameter and the
length®®. Especially, the resistance of as-coated AgNW network is often high because of a lot of contact
points caused by many interconnected NWs. Therefore, there remains in a challenge to reduce the
junction resistance between interconnected NWs, resulting in a degradation of the electrical

conductivity in AGNW network.
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Figure 1.7. The schematic of random AgNW network in which interconnected NWs generate many

contact points (red dot), which cause high junction resistance. (Mutiso et al. ACS Nano 2013, 7, 7654)%

To address these issues, many research groups have attempted various approaches to clearly remove the
PVP residues surrounding the surface of NWs after the deposition of AgNW network. In Figure 1.8, the
junction resistance in AgNW network can be effectively decreased by various post-treatment methods,
such as thermal annealing, plasmonic welding, high pressure, optical sintering, and Joule heating. For
simple post-annealing process, moderate annealing temperature (< 200 °C) makes the fusion of AgNWs

at the junctions, resulting in a decrease of sheet resistance as shown in Figure 1.8(c). In another approach,
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junction resistances of crossed AgNWs with the resistance of 8kQ and 0.5kQ have been reported by

plasmonically welded junctions and over-coated with gold, respectively.
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Figure 1.8. SEM image of AgNW network with low junction resistance due to (a) mechanical pressing
(Tokuno et al. Nano Res. 2011, 4, 1215)3¢ (b) soldering with graphene (Liang et al. ACS Nano 2014, 8,
1590).37 (¢) Post-annealing effect at 200 °C for lowering junction resistance (Lee et al. Nano Lett. 2008,
8, 689).27 (d) TEM image of the junction between NWs in which two NWs are well combined by
plasmonic welding process (Garnett et al. Nat. Mater. 2012, 11, 241).®
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1.3.4 Surface morphology

Although AgNW networks represent an excellent electrical and optical properties, the surface
morphology of AgNW networks is one of most important issues to be addressed for a device integration.
In general, most optoelectronic devices need a smooth surface of the electrode to avoid direct contacts
between active layer and the electrode, which cause an electrical shortage or a leakage current in
multilayered device structure. In wet-coating process including bar coating or spin-coating, AgNW
networks commonly have high surface roughness with peaks ranging from tens of nanometer to
hundreds of nanometer that is mainly affected by the diameter and length of NWs, coating techniques,
and substrate types.*® After coating AgNW network, some of NWs lie on the surface of the film each
other and other NWs can protrude from the surface. Thus, as-deposited AgNW networks typically have
surface roughness as high as at least two nanowire diameters because of such protruding NWs. In
addition, high surface roughness of AgNW networks often causes short circuits in device integration
for optoelectronic applications, such as OLED and OSC. Many research groups have addressed these
issues for the surface morphology of AgNW-based transparent electrodes. Thus, various efforts have
been attempted to reduce the surface roughness and peaks of AgNW network, such as embedding
AgNW into a soft polymer matrix,*® lamination with polymers by mechanical pressing, over-coating
with metal oxide or graphene sheets (Figure 1.9).

(a) . R — Silver nanowires surrounded by ITO
- 200 [T — nanoparticles
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Figure 1.9. (a) The SEM image of AgNW network embedded into soft polymeric matrix by using

mechanical pressing method. (Gaynor et al. Adv. Mater. 2011, 23, 2905).% (b) Cross-sectional SEM
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image of AgNWs embedded in ITO nanoparticles films (Chung et al. Nano Res. 2012, 5, 805).*! (¢)
(Left) The schematic illustration and (right) a TEM image of random AgNW network embedded in
NOA 63 matrix. (Nam et al. Sci. Rep. 2014, 4, 4788)*

1.3.5 Optical property.

When AgNW networks are under the irradiation of incident light, the light can be absorbed, transmitted,
or reflected. Optical transmittance and light absorption over a broad wavelength range is critical
parameters to understand optical behavior of AgNW-based transparent electrodes. In general, the
transmittance of AgNW networks is strongly affected by different NW densities.”® Here, the total
transmittance can be divided by two parts that is specular and diffusive transmittance. The specular
transmittance means the transmitted light with same direction of incident light. On the other hand,
diffusive transmittance represents the transmitted light that is scattered by individual NWs or NW
junctions, which mainly determines the optical behavior of AgNW network while these of ITO is
negligible with little scattered light. In the study on AgNW-based transparent electrode, the haze factor,
defined as the ratio of diffusive transmittance to total transmittance, is one of important issues that needs
to be considered in the fabrication of AgNW networks, which may blur pixels or reduce the resolution
and visibility in display device applications.**

To avoid the haze issues, the aspect ratio of NWs should be carefully designed in the deposition of
AgNW networks. In addition, very long AgNWs facilitate to achieve high transmittance as well as low
haze, attributed by a decrease of NW density due to lower percolation threshold. In particular, the small
diameter of AgNWs are strong benefits to increase the transmittance due to a decrease of the scattered
light by individual NWs. However, although these light scattering by NWs should be reduced for
achieving high transparency in electronic display applications, manipulating light scattering can provide
significant benefits for the fabrication of optoelectronic devices, such as OSC and OLED. Recently,
random AgNW networks have been considered as promising plasmonic electrodes with strong light
scattering and trapping because Ag nanostructures are an important plasmonic materials that can support
localized surface plasmon resonance (LSPR) in ranging from visible spectrum to near-IR region.* In
previous studies, these light scattering and trapping effects of AgNWs have been suggested to generate
an increase of the optical path length and near-field excitation of LSPR, which enhance the light
absorption efficiency of the photo active layer for various solar cell applications.*® Moreover, the light
extraction efficiency could be also improved due to light scattering by NWs, resulting in higher

efficiency of AgNW-based LED devices compared than ITO-based LED devices.*’
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1.4 Other types of transparent electrodes

In addition to using conducting-nanomaterials to overcome these challenges, various flexible
transparent electrodes have been widely reported by different approaches including lithographical
patterning or electrospinning processes as shown in Figure 1.10. Wu et al. have developed high-
performance transparent electrodes based on metal-nanotrough network, fabricated by the combined
method involving electrospinning and metal deposition, which exhibited low sheet resistance of less
than 10 Q sq! at 90% transmission.?? For another methods, Guo et al. have demonstrated transparent
nano-metal mesh electrodes on elastomer made by grain boundary lithographic technique that show
high stretchability as well as outstanding electrical and optical properties (~20 Q sq*' at 82.5%
transmittance). Although these methods can offer new opportunities for the fabrication of novel
flexible/wearable electronic devices, most of them includes complex and time-consume fabrication

process, limiting their scalability and applicability in practical use.

Lithographic transparent electrodes

(€Yl E-beam lithography G:B lithegraphic (c) Mig(oéﬁhgre lithograpb()"
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Figure 1.10. (a-c) Various patterned transparent electrodes fabricated by using different lithographic
techniques, such as (a) E-beam lithography (Hsu et al. Nat. Commun. 2013, 4, 2522),* (b) grain
boundary lithography (Guo et al. Nat. Commun. 2014. 5,3121),* and (c) microsphere lithography (Gao
et al. Nano Lett. 2014, 14, 2105).%° (d-f) Electrospun transparent electrode fabricated by using different
methods, such as (d) metal nano-trough (Wu et al. Nat. Nanotechnol. 2013, 8, 421)*?, (e) selective
etching (He et al. ACS Nano 2014, 8, 4782),3! and (f) metal electroless deposition. (Hsu et al. J. Am.
Chem. Soc. 2014, 136, 10593)°?
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1.5 Device application of transparent AgNW electrode

With rapid progress in flexible electronic devices, AgNW-based transparent electrodes have been
widely used for a device integration in various device applications, such as photovoltaic devices, touch
panel, light-emitting display, transparent heater, and e-skin sensors due to low sheet resistance and high
optical transmittance. In addition, outstanding mechanical properties of AgNW networks allow them to
be integrated in emerging flexible electronic devices without significant degradation in their device
performance. However, there are still some drawbacks that should be overcome for successful device
fabrication, such as stable operation, long-term stability, and interface engineering. Therefore, the major
challenges in the device integration with AgNW-based transparent electrode in terms of several device

applications should be addressed.

1.5.1 Solar cells

The solar cells are photovoltaic device that is considered one of most attractive renewable power source,
which converts the sunlight to the electricity through absorbing incident light by active layer in which
electron-hole pair is generated under the irradiation of photon energy. For example, in OSCs, common
operating mechanism of the device, composed of photovoltaic active layer, anode and cathode
electrodes, includes five stages, such as i) light absorption by active layer, ii) the exciton generation by
absorbed photon, iii) exciton diffusion, vi) exciton dissociation and charge transport, and v) charge
collection by electrodes.” Thus, overall device efficiency (PCE) is determined by those parameters.
Here, transparent electrodes can be either the anode or cathode in the solar cell that allow the incident

light enters inside the device as shown in Figure 1.11.
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Figure 1.11. a) Energy-level diagram showing work functions of each component materials. b) The
device structure for the solution-processed OSC with the AgNW electrode as anode (Yang et al. ACS
Appl. Mater: Interfaces 2011, 3, 4075).3*

The most conventional materials as transparent electrode for solar cell are ITO due to high electrical
conductivity and an excellent optical transmittance as mentioned in previous sections. Recently, with
increasing demands in optoelectronic device that should be lightweight, cost-effective, and flexible,
many research groups have focused on the fabrication of flexible solar cells integrated with various
alternatives of ITO, such as graphene, metal NWs, CNTs, conducting polymer, and metal mesh. Among
them, AgNW-based transparent electrode is good candidate to be integrated in flexible solar cells due
to comparable electrical and optical properties with conventional ITO. Initial attempts to incorporate
random AgNW networks recorded relatively low power conversion efficiency up to 2.8% while that
with ITO as reference cell showed PCE of 5.8% (Figure 1.12). Afterward, many researchers have started

to incorporate AgN'W-based transparent electrode for the fabrication of several type of solar cells.*¢ 3>
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Figure 1.12. Characteristic J-¥ curves of OSC solar cell devices based on random AgNW electrodes

(Yang et al. ACS Appl. Mater. Interfaces 2011, 3, 4075).34

Current Densit

One of important benefits of using AgNW electrodes is that solution-based flexible AgNW network
facilitates the solar cell to be flexible and be fabricated under low temperature process and roll-to-roll
process on flexible polymer substrates. In addition, unique optical behaviors of AgNW networks

including LSPR and light scattering effect can provide an increase of light absorption efficiency of
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active layer, which leads to an increase of exciton generation, resulting in improved device efficiency.
Previously, B. Y. Wang et al. have demonstrated the effect of light scattering and trapping by random
AgNW electrodes on flexible OSC devices, which provides an enhancement of light absorption in active

layer, resulting in enhance PCE of 7.58 % of the device (Figure 1.13).

Figure 1.13. A schematic of organic solar cells with AgNW network where the light scattering and
trapping effects are induced under the illumination. (Wang et al. Small 2015, 11, 1905)*

In rapid advances of such flexible solar cells, manipulating surface roughness of AgNW network has
been one of important challenge that should be addressed for realizing high device efficiency of AgNW-
based flexible solar cells. The protruding NW caused by the entanglement of AgNWs leads to high
surface roughness in order of hundreds nanometer, resulting in an electrical shortage or leakage current
in multilayered configuration of devices. To address these issues, various approaches to reduce the
surface roughness of AgNW networks have been developed by mechanical pressing, thermal annealing,
embedding polymer, surface peeling, and transfer processes. It has been shown that the reduction of
surface roughness by flattening the network not only reduces the risk of short circuit but also decreases
sheet resistance. For example, the use of metal oxide buffered AgNW network have been previously
reported, which improved fill factors and open-circuit voltage, resulting in high PCEs of up to 3.5%,
which is comparable with that of ITO with PCE of 3.52%.% In another approaches, J. H. Seo et al. have
reported random AgNW network with low surface roughness produced by cold isostatic pressing, which

achieved high device efficiency of inverted flexible OSCs with a PCE of 8.75%.®
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1.5.2 Displays (OLED)

Organic light emitting diodes (OLEDs) have attracted much interests as next generation flexible lighting
devices due to several advantages, such as light-weight, flexibility, and solution processing, enabling to
fabrication low area and flexible display. In OLED, the electrical current flow into emissive active layers
to emitting the light induced by the combination of hole-electron pairs. In these charge carrier transport,
the interface between the electrode and neighboring layers plays important role to efficiently operate
such devices. Here, AgNW-based transparent electrodes can be an essential component for OLED
devices due to outstanding electrical, optical, and mechanical properties. In particular, the transparent
electrodes should have the low sheet resistance and high optical transmittance to ensure low operating
voltage, uniform light emission, stable external quantum efficiency in the fabrication of large-area
OLED display.’ Previously, Gaynor et al has reported white OLEDs with random AgNW network that
recorded highest luminous efficacy for an ITO-free white OLED with stable angular color stability?
(Figure 1.14). These first studies open the way towards large-scale integration of AgNW-based

electrodes in emerging flexible display devices.

Figure. 1.14. The photograph of white OLEDs with angular color stability incorporated with AgNW-
based transparent electrodes. (Gaynor et al. Adv. Mater: 2013, 25, 4006)*

After that, there have been many studies on OLED devices integrated with AgNW-based electrodes in
which they demonstrated the light scattering of AgNWs to enhance the light extraction efficiencies in
OLEDs.%? For example, L. Li et al. reported flexible phosphorescent polymer light-emitting diode
(PLED) with AgNW-polymer composite electrodes, which exhibited higher electroluminescent
performance than that with ITO.% In addition, recently, fully stretchable PLEDs have been reported
with random AgNW network soldered with graphene oxide as shown in Figure. 1.15. Here, the PLED
showed stable device operation under large strain due to an excellent mechanical compliance of

modified AgNW electrode, which represent one of major challenges for the fabrication of
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flexible/stretchable optoelectronic devices. Although significant advances have been made in OLEDs
with AgNW-based transparent electrodes, some issues in low out-coupling efficiency and stable device

operation are still in challenges, which limits further development to realize high-performance OLED

devices.
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Figure 1.15. (a) A schematic illustration of stretchable PLED using random AgNW with graphene oxide
fabricated on elastomeric substrate. (b) The characteristics of current density-luminace-driving voltage.

(c) Optical photographs of stretchable PLED under applied strain from 0% to 130%. (Liang et al. ACS
Nano 2014, 8, 1590)*’
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1.5.3 Touch panels

Touch screen panel has been a necessary component in recent many kinds of electronic products, such
as smartphones, smart TV, tablet PCs, and other various technologies. In general, the most common
touch panel formats are based on capacitive type or resistive type touch sensing both of which require
the transparent electrodes like conventional ITO. As basic design structure of touch screen, resistive-
type touch panel uses two continuous transparent electrodes separated by air gap. When two opposing
electrodes contact each other, the current flow originated from the contact of two electrodes makes the
computer to identify the touch position. Resistive sensing is benefits for lost cost and high resolution
while capacitive sensing can provide multi-touch capability and durability of devices. In both types of
touch panels, the sheet resistance of sensing electrodes is important for device performance, such as
response time, touch sensing accuracy, and activation force. With increasing flexible touch screen
marketing, however, another issue for mechanical durability has been focused on a research field in a
replacement for ITO for flexible transparent electrodes. Deformation of touch electrode under repeated
compressive force leads to microcracks of touch electrode, resulting in the degradation in an electrical
conductivity of the electrode. With respect to these issues, AgNW-based touch sensors can offer good

performance for future flexible touch panel technology (Figure 1.16).

Figure 1.16. The illustration of commercial touch screen with AgNW-based transparent electrodes.

(Cambrios Technologies Corp., http://www.cambrios.com/, accessed: May 2018.)

Recently, some of papers demonstrated that the AgNW-based electrodes can be promising candidates
for the fabrication of resistive-type or capacitive-types touch sensors. Lee et al. has demonstrated
capacitive AgNW-based touch pad integrated with insulating GO film as separator, which directly detect
the touch signal by a human finger with a high ON/OFF ratio® (Figure 1.17).
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Figure 1. 17. (a) The schematic structure of capacitive type touch pad with AgNW electrode fabricated
on PDMS substrates. (b) The variation of electrical signal response to finger touch. (c) Touch sensitivity

test. (Lee et al. Adv. Funct. Mater. 2014, 24, 3276)%

Moreover, for resistive sensing, flexible and large-scale touch panel with very long AgNW network
soldered with conducting polymer has been developed,® which can accurately detect the human writing

on the surface of touch panel mounted on even curved object (Figure. 1.18).

(b)

Figure 1.18. (2) The schematic illustrations of (left) commercial touch panel with ITO/spacer/ITO/glass
and (right) flexible touch panel fabricated with AgNW electrodes soldered with conducting polymer. (b)

The photographs of touch screen operation by writing a word “KAIST” (Lee et al. Adv. Funct. Mater.
2013, 23,4171).%
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Recently, Pei et al. have reported healable touch screens with random AgNW network integrated with
healable polymeric matrix.®> It was also recently demonstrated that flexible transparent capacitive
sensors can be used for the detection of deformation and pressure in which capacitive sensor sheets
fabricated by employing AgNW networks embedded in the surface layer of a polyurethane matrix
exhibit good stretchability and transparency. These advances in touch panel applications could open the
possibility of a new platform for realizing human-machine interacting devices in flexible/wearable

electronic applications.

44



Chapter 2. Aligned AgNW network for high-performance

transparent electrode

2.1 Introduction

Transparent conductive electrodes (TCEs) are essential components in many optoelectronic devices
such as solar cells, touch panels and organic light-emitting diodes (OLEDs).% 11 6668 \While indium tin
oxide (ITO) has been widely used in commercial transparent electrodes, the further development and
application of ITO has been limited by the cost and inherent brittleness of the material. 6" % One
promising alternative to ITO as a TCE material includes random networks of Ag nanowires (AgNWs),**
3,70, 71 which can provide lower sheet resistance (Rs) and higher optical transmittance (T) than other
TCE candidates such as carbon nanotubes (CNTs),'t 1% 72 graphene!® *7¢ CuNWSs,”” and conducting
polymer.® Moreover, AgNW networks can be readily prepared by low-cost solution-based processes,

such as spin coating,? drop casting,?’ rod-coating® 2® and spray coating.** 78 7

However, for the use of random AgNW networks in high-performance solar cells and OLEDs,
the junction resistance between nanowires and the large surface roughness are two critical issues that
need to be addressed. Junction resistance prevents NW networks from achieving low Ry, while high
density of NWs lower the optical transmittance of the electrodes.*! The protruding NWs of overlapping
random N'W network structures can cause electrical short-circuits and leakages in multilayered device
configurations.** 8 In addition, the optical haze, defined as the ratio of diffusive transmittance to total
transmittance, of random NW networks may blur pixels or reduce the resolution in touch-screen and
OLED devices.” *** To overcome the issue of junction resistance between NWs, several approaches

37, 78

including thermal annealing®’, hybridization with metal oxides and graphenes, mechanical

pressing®® and plasmonic weldings*® have been introduced. The surface roughness issue has been

40.60 metal oxides,*' and graphene

addressed by the addition of coatings and laminations with polymers,
sheets.®! However, these additional processes complicate the fabrication process or are incompatible
with large-scale solution processing.

To overcome the trade-off between electrical conductivity and optical transmittance in a one-step
solution process, conductive percolation networks within NW structures must be precisely controlled.?>
82-84 The percolation-limited performances of random NW networks in applications as TCEs have been
addressed by several approaches.? 4% 50-52.85.86 One such approach utilizes high-aspect-ratio metallic
NWs, generating conductive pathways with low NW densities.*> Another approach uses lithographic®*
48,5086 or electrospinning techniques®" 3 to design ordered conductive networks; very low R, values
have been obtained via the formation of junction-free conductive networks using these methods.

However, these fabrication processes are complicated and unsuitable for the cost-effective and scalable
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production of TCEs.

Here, we introduce a simple and high-throughput fabrication strategy for the assembly of aligned
AgNWs using a capillary printing technique for the fabrication of highly conductive and transparent
electrodes with low surface roughness. In this approach, AgNW solutions are dragged and deposited by
polydimethylsiloxane (PDMS) nanochannels, in which AgNWs are partially aligned prior to
unidirectional alignment by meniscus surface tensions. Previously, various techniques including
Lagmuir-Blodgett,®” contact printing,*® post-alignment shrinkage,® nanocombing,”® nanotrench-
assisted capillary force,” and fluid flow®? have been employed for the alignment of semiconducting or
metallic NWs. Although significant progress has been made to improve the alignment degree and
density of assembled NWs, many of previous techniques require essential necessities such as pre-grown
vertical NW arrays, additional transfer process, and substrate pre-patterning, which limit the cost-
effective and scalable assembly of high-density NWs with a controllable NW alignment degree. Our
capillary printing method can overcome these limitations and has several advantages in the fabrication
of TCEs based on AgNW networks. First, the alignment technique provides large areas of highly aligned
AgNWs via a one-step solution-based process that is both cost-effective and compatible with rapid roll-
to-roll processes. Second, the aligned AgNWs overcome the trade-off between the electrical
conductivity and optical transmittance that occurs in random NW networks, because the alignment of
the AgNW networks significantly decreases the NW density; the electrical percolation threshold is
lower in the aligned networks than in random NW networks. Third, the aligned AgNW networks exhibit
lower surface roughness than random networks without the need for additional smoothing processes,

thus providing good device compatibility in optoelectronic applications.
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2.2 Experimental Details

Preparation of patterned PDMS stamp: Polydimethylsiloxane (PDMS) base and curing agent
(Sylgard 184, Dow-corning) were completely mixed in a 10:1 weight ratio. The air-bubble in PDMS
mixture during the mixing process was subsequently removed in a vacuum desiccator for 20 min. For
the fabrication of the line patterned PDMS stamp, the PDMS mixture was cast onto a silicon micromold
with periodic line pattern with 400 nm line width and 800 nm periodicity. Then, the PDMS mixture
were thermally cured at 80°C for 4 hr on a hot-plate.

Preparation of the functionalized substrates: Glass substrates were cleaned with IPA and D.I water
by sonication for 10 min. After blown-drying with N2 gas, the substrate was treated with O, plasma for
5 min to increase the wettability of glass substrates. To further increase the AgNW adhesion on the
substrate, poly-L-lysine (PLL) layers with amine functional groups were coated on the substrates by
spin-coating the PLL solution (0.1% concentration in H>O) at 4000 rpm for 60 sec.

Alignment of AgNW by capillary printing process: For the formation of triangular-shaped PDMS
stamp, nano-patterned PDMS stamp was attached on a trigonal prism-shaped aluminum frame. The
aluminum frame was subsequently installed onto the micro-stage, where the PDMS stamp can be freely
moved back and forward with a controlled constant speed. When the PDMS stamp was put into contact
with the target substrate, the contact pressure was controlled by using an electronic scale supporting the
substrate. Next, AGNW dispersion (L= 35 um, D= 30 nm, purchased from Nanopyxis Corporation) was
dropped on the target substrate, which was subsequently sucked into PDMS line-patterns. Then, the
sliding of the PDMS stamp with constant speed produced highly aligned AgNW arrays along the coating
direction (Figure 2.1). Finally, the aligned AgNWs are dried in ambient environment conditions and

treated by O plasma for 1 min to remove organic impurities and enhance electrical conductivity.

Characterization: The sheet resistance of aligned AgNW networks was measured by using four-point
probe measurement (Kiethley 2400 equipment). The optical transmittance of aligned AgNW networks
was measured by UV-visible spectrophotometer (Jasco V-670). The haze factor was calculated using
the diffusive and total transmittances over visible light range. To investigate the mechanical robustness
of aligned AgNW films, the change in sheet resistance of aligned AgNWs on PET under various
bending radius and cycles was measured using a two-probe method, in which copper tapes were

attached to each side of aligned AgNWs with silver paste.
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2.3 Results and Discussion

The alignment of AgNWs by capillary printing was performed by dragging nano-patterned
PDMS stamps over AgN'W solutions on target substrates under constant velocity and pressure. Figure
2.1a shows a schematic of the preparation of the aligned AgNW assemblies using this capillary printing
technique. In this work, we utilized a nano-patterned PDMS stamp with a line pattern spacing of 400
nm to create the nanochannels inducing the alignment of the AgNWs in the printing direction (Figure
2.1b,c). The nano-patterned PDMS stamp was attached to a trigonal prismatic frame that placed the
sharp peak of the PDMS stamp in contact with the substrate during the dragging of the AgNW solutions
(Figure 2.2a). This facilitated the uniform formation of air-liquid-solid meniscus lines behind the
contact points between the stamp and substrate. The capillary force induced by solvent evaporation
further facilitated the unidirectional alignment of the AgNWs. Figure 2.2b illustrates the principle of
AgNW alignment via capillary forces. First, droplets of the AgNW solution are deposited on the target
substrate and soaked into the line-patterned PDMS stamp. Next, the dragging of the AgNW solution,
confined between the PDMS line-pattern and the target substrate, induces the partial pre-alignment of
AgNWs in the dragging direction. This nanochannel-confined pre-alignment step is followed by the
pinning of AgNWs by the evaporating air-liquid-solid meniscus line. The continued evaporation and
movement of the meniscus contact line induces the further alignment of AgNWs in the dragging
direction by the influence of the meniscus surface tension.

In this capillary printing technique, the PDMS nanochannels are crucial in the pre-alignment of
AgNWs and the uniform formation of the meniscus line. We observed that the alignment of the AgNWs
was not achieved when a flat PDMS stamp without nanochannels was used (Figure 2.3). When the
PDMS channel width (10, 20 pm) is comparable to the NW length (20-30 um), the weak physical
confinement of NWs within the PDMS channels results in the increase of misaligned NWs (Figure 2.3).
The smaller PDMS channel width (150 nm) than the 400 nm width results in a similar NW alignment
degree (Figure 2.3), indicating that the 400 nm cahnnel width is sufficient to physically confine long
NWs (20-30 um) and induce NW alignments in the channel direction. Because the nanochannel-
confined pre-alignment step was followed by the alignment of AgNWs by the meniscus line, the
distance between the nanochannel contact area and the meniscus contact line affected the degree of
AgNW alignment. When the meniscus contact line was located too far from the nanochannel contact
area, the pre-aligned AgNWs had a higher probability of random re-orientation within the solution
before further alignment could be induced by the meniscus contact line. We varied the peak angle of
the PDMS stamp, which affected the distance between the nanochannel contact area and the meniscus
line. When the peak angle of the stamp was increased from 5° to 30° which resulted in a decreased
distance, the degree of AgNW alignment increased (Figure 2.4). The contact pressure of the PDMS

stamp also affected the degree of nanochannel confinement and thus the NW alignment. When the
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contact pressure between the stamp and the target substrate was increased from 0 to 3.14 kPa, we
observed an increased degree of alignment with sharper and clearer fast Fourier transform (FFT)
spectral line shapes (Figure 2.5).

The inset in Figure 2.2b illustrates the principle of the capillary alignment of AgNWs at the
meniscus contact line. Here, AgNWs are aligned perpendicular to the receding meniscus contact line
by capillary forces, which can be defined as F= 2zry where y is the liquid surface tension and r is the
radius of the NWs.>* An estimation using 7 = 16 nm for the AgNWs and y = 22.39 mN/m for the ethanol
solvent provides Fs=2.2 nN. When the AgNW is not perfectly aligned in the dragging direction by the
solvent evaporation, as in the left-hand inset of Figure 2.2b, the slanted AgNW deforms the meniscus,
resulting in the different dynamic contact angles of 8; and 6. on each side of the slanted AgNW. When
0, 1s larger than 6, for the slanted NW, the vertical component of the surface tension on one side is larger
than that on the other (y"sin; > y"sin0,). This results in the rotation of the slanted AgNW toward the
y"sin@; direction, thus correcting the slant of the NW. When 6 = & after this rotation of the NW, the
surface tensions are balanced (y"sin8; = y"sin6), which maintains the perpendicularity of the NW with
respect to the meniscus line. The alignment of the AgNW can also be partially attributed to a
hydrodynamic force, Fhydrodynamic ~#/V, where # is the liquid viscosity, / is the length of the NW, and V'
is the printing velocity.” The estimated hydrodynamic dragging force is ~13 pN, using 7 = 1.074 mPa-s,
[ =25 pm, and = 0.5 mm s, which is negligible compared to the capillary forces.

The friction force between the NWs and the substrate surface can also disrupt the movement of
the AgNWs during the alignment process. Because the friction force strongly depends on the surface
chemistry,” we investigated the influences of surface chemical modifications on the NW alignment
(Figure 2.6). On CHs-terminated surfaces, which are known to have low friction and adhesion forces,”
the AgNWs were highly aligned along the dragging direction because of the low friction force, but the
density of the assembled NWs was very low as a result of the low adhesion force between the AgNWs
and the surface. In contrast, the stronger friction and adhesion forces on surfaces modified with amine
monolayers led to poor NW alignment but larger NW density. Among the various surface treatments,
modification with poly-L-lysine (PLL) produced the best conditions with good alignment, high NW
density, and uniform NW assembly over a large area. The PLL modification can be employed on various
substrate materials for the uniform alignment of AgNWs over large areas (Figure 2.7). The capillary
printing technique not only generates uniformly aligned AgNWs, but also enables the formation of
diverse morphologies of crossed AgNW arrays via multi-step printing processes without interference
by the pre-aligned AgNW array. Figure 2.2c¢ shows dark-field optical micrographs of differently
oriented structures, including unidirectional, 45°-crossed, 60°-crossed, and rectangular AgNW
networks. The FFT image of the unidirectional AgNWs exhibits a pattern of sharp lines, while those of
crossed AgNWs at various angles of 45°, 60°, and 90° show crossed line patterns. By contrast, FFT
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imaging of random AgNWs exhibit blurry circular patterns, indicating isotropic surface structures

(Figure 2.8a).
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Figure 2.1. (a) Schematic of the procedure for capillary printing using a nano-patterned PDMS stamp

for alignment of AgNW array. Optical microscopy (b) and scanning electron microscopy (c) images

indicate the nano-patterned PDMS stamp with 400 nm of line width. Scale bars are 10 um and 1 um.
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process using a nano-patterned PDMS stamp to produce highly aligned AgNW arrays. (b) Schematic
showing the alignment process during capillary printing of unidirectional AgNW arrays. The solvent-
evaporation-induced capillary force produces highly aligned networks by dragging confined AgNWs at
the solid-liquid-vapor contact line. (c) Dark-field optical images of differently oriented AgNW
structures fabricated with a solution concentration of 0.05 wt.% via one-step (unidirectional) and multi-
step (45°, 60°, and 90° crossed) capillary alignments. The scale bar is 40 pum. The fast Fourier transform

(FFT) analyses of the images, presented in the insets, show the corresponding geometric structures.
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Figure 2.3. Dark-field optical

wt.% by capillary printing using (a,b) nano-patterned, (c,d) micro-patterned and (e) flat PDMS stamps,
respectively. The printing conditions include a speed of 1.5 mm/s and a pressure of 1.57 kPa. Alignment
using nano-patterned PDMS stamps provides aligned AgNW networks with a characteristic line-shaped
FFT pattern, in contrast to the blurred circular FFT pattern produced from networks using a flat PDMS

stamp. All scale bars are 40 um.
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Figure 2.4. Effect of the angle of the triangular PDMS stamp on the NW alignent process.

Photographic images of AgNW arrays prepared using triangular PDMS stamps with angles of (a) 5°,
(b) 10°, (c) 20°, and (d) 30°. (e-h) Close-up images of the meniscuses formed using triangular PDMS
stamps with different angles (5°-30°). (i-1) Dark-field images of aligned AgNW arrays coated using
triangular PDMS stamps with different angles on glass treated by O, plasma. The scale bar is 40 pm.
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Figure 2.5. (a) Schematic illustration showing the measurement of contact pressure between the nano-
patterned PDMS stamp and the substrate. (b) Dark-field optical micrographs of aligned AgNW
networks fabricated with a concentration of 0.5 wt.% using different contact pressures (0-3.14 kPa ).
Line-shaped FFT patterns in the insets demonstrate that the alignment degree is increased with

increasing contact pressure. The scale bar is 40 um.
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Figure 2.6 Dark-field optical micrographs of aligned AgNWs deposited on substrates chemically
modified by (a) hexamethyldisilazane (HDMS), (b) O, plasma treatment, (c) (3-
Aminopropyl)triethoxysilane ~ (APTES), (d)  poly-L-lysine = (PLL), and (e) 3-(2-
Aminoethylamino)propyltrimethoxysilane (AAPTS). The scale bar is 40 um. (f) The surface density of
aligned AgNWs deposited on differently modified substrates.
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Figure 2.7. (a) Photographs of glass, PET, and PDMS substrates deposited with aligned AgNW arrays.
(b) Dark-field optical micrographs of highly aligned AgNW arrays using a concentration of 0.05 wt.%

measured at three points on the glass substrate with a size of 25 mm x 25 mm. All scale bars are 40 pm.
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To further corroborate the quantitative analysis of the degree of alignment, a radial summation of the
pixel intensity of the FFT data was plotted as a function of the radial angle (0-360°). As shown in Figure
2.8b, the unidirectional AgNW array shows clear peaks at 90° and 270°, indicating AgNW orientation
in one direction. In contrast, random AgNWs shows no clear peak, resulting from the absence of any
particular orientation of the AgNWs. Likewise, 45°-crossed, 60°-crossed, and rectangular AGNW arrays
show four peaks centered at each corresponding radial angle, indicating that, in each case, the AgNWs
are aligned in two discrete directions (Figure 2.8c).

To quantitatively characterize the AgNW alignment in the capillary printing process, the degree
of AgNW alignment was monitored as a function of AgNW concentration and printing speed. Figure
2.9a shows that the degree of alignment increases as the NW density and coating speed decrease. In
order to quantitatively compare the degree of alignment, the full width at half maximum (FWHM) of
the FFT spectra were plotted as functions of NW density and printing speed (Figure 2.9b,c). The FFT
spectra were acquired by plotting the pixel intensities as a function of radial summation from the 2D
FFT patterns and fitting this plot by a Gauss function (Figure 2.10), in which the FWHM value
quantified the degree of AgNW alignment by an inverse relationship. The FWHM value increases with
the increase of NW concentration, indicating the decrease of the degree of alignment. This behavior can
be attributed to the increased entanglement and cohesion between AgNWs at higher concentrations,
which would prevent the pre-alignment of AgNWs in the nanochannels during the printing process. The
increase of printing speed results in the increase of the FWHM value, correlating to the decrease of the
alignment degree. This can be attributed to the disturbance of the uniform formation of meniscus contact
lines when the movement of the receding meniscus contact line is impeded by the movement of the
line-patterned stamp. This indicates that the alignment degree of the AgNW network can be decisively
modulated by controlling the printing speed and NW concentration, enabling the precise control of the
electrical properties of conductive percolation networks.

The aligned AgNW network showed a lower electrical percolation threshold than the random
AgNW network. This is beneficial for the achievement of higher T at similar R; or that of lower R, at
similar 7. According to percolation theory, the electrical percolation threshold of AgNW networks can

be determined by using the relation, Ry ¢ (m-m.)™“, where m. is the threshold concentration of NWs

and a is the critical exponent. The critical exponent reflects the dimensionality of the conductive
network, with approximate values of 1.3 and 2.0 for 2D and 3D percolation networks, repectively.3*
The analysis of Ry as a function of NW areal density (S) reveals conductive percolation thresholds at .S
=6.05% and 9.04% for aligned and random AgNWs, respectively (Figure 2.11a). The best fitto R, as a
function of (§ — S.), where S. is the critical percolation threshold, was obtained using o = 1.27 and 1.30
for aligned and random AgNWs, respectively, both of which are close to the 2D theoretical values

(Figure 2.11b,c)

56



o
—
—_—

3]
~—

(a)

Random = 45 crossed
Unidirectional = 60° crossed
—— 90° crossed

FFT intensity
FFT intensity

0 90 180 270 360 0 90 180 270 360
Radial angle (°) Radial angle (°)

Figure 2.8. (a) Dark-field optical micrographs of random AgNW network fabricated by spincoating.
The scale bar is 40 um. FFT image provided in inset. (b) Radial summation of pixel intensity distribution
between 0° and 360° in the FFT analyses of AgNW networks with aligned and random structures. (c)
Radial summation of pixel intensity distribution between 0° and 360° in the FFT analyses of different
geometric (45°, 60°, 90° crossed) AgNW networks fabricated via multi-step capillary printing

alignment process.
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Figure 2.9. Quantitative FFT analyses of the degree of alignment of capillary-printed AgNW networks.
(a) Optical micrographs of aligned AgNW networks fabricated using different coating speeds (0.5-10
mm s!) and solution concentrations (0.1-0.5 wt.%) on PLL-coated substrates. FFT images in the insets
of the optical micrographs indicate unidirectional structures with anisotropic features. The scale bar is
20 um. FWHM fitting data, calculated from the radial summation of pixel intensity in the FFT images,
indicates the degree of alignment for printed AgNW networks fabricated with (b) different solution

concentrations and (c) different coating speeds.

57



p—
Q
S—
—
(=2
S

— 0.1 wt% — 0.5 mm/s
= ——0.16 wt% = — 1.5mm/s
a ——0.25 wt% @ — 5.0mmi/s
2 — 0.5 wt% *E
£ £
— °
= e
t it
L

0 30 60 90 120 150 180 30 60 90 120 150 180
Radial angle (°) Radial angle (°)
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optical micrographs for aligned AgNW networks coated using (a) different solution concentrations
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Figure 2.11. Electrical percolation behaviors of AgNW networks with different geometries. (a)
Comparison of R in aligned and random AgNW networks as a function of surface area density. Power-
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Figure 2.12a shows SEM images of different morphologies of NW networks with similar electrical
conductivities (~22 Q sq") and corresponding schematic representations of the electrical percolation
networks for the aligned and random AgNW networks. For similar Ry, the aligned AgNW network
displays a lower NW density compared to the random AgN'W network because of the lower percolation
threshold. To compare the electrical performances of aligned and random AgNW structures, R, values
of the AgNW networks have been plotted as a function of NW surface densities (Figure 2.12b). Here,
the surface densities of the aligned AgNW networks were controlled by the coating speed (Figure
2.13a,b). One major advantage of our alignment technique is the production of high density NW
assembly via a one-step solution-based process. At a coating speed of 0.5 mm/s, the NW density is ~14
NWs/um, which is higher than those of most previous NW assembly techniques (Figure 2.13c). The
aligned AgNW films showed significantly lower R, by a factor of ~1.7-3.4 at the same NW surface
density, or significantly lower NW surface density by a factor of ~1.4—1.8 at the same R, in comparison
with those of random AgNW films (Figure 2.12b). The lower percolation thresholds of the aligned
AgNW networks allow higher 7T values than those of random AgNW films at similar R;. Figure 2.12c
shows 7, as well as the haze factor, of aligned and random AgNW networks with similar R, values of
22.4 Q/sq and 22 Q/sq, respectively. The aligned AgNW networks exhibit ~3% higher 7 and 2.4 times
lower haze values at 550 nm wavelength compared to the random AgNW networks. These enhanced
optical properties of the aligned AgNW networks can be attributed to the decreased light scattering
resulting from the reduced percolation threshold and thus the lower NW surface density.

The R values of the aligned AgNW networks depend on the degree of alignment. Figure 2.12d shows
the variation of R, and T of the aligned AgNWs as a function of the FWHM value, as acquired from
FFT analysis of optical images. The R, decreases with the decrease of the FWHM value from 62° to
45°, indicating that the increase of alignment degree lowers R;. However, T remains constant with the
increase of alignment. The R, value of the aligned AgNW networks is the lowest at 19.5 /sq at the
FWHM value of 50.6°. Further increase in the degree of alignment, with a FWHM of 45°, does not lead
to the further decrease of R,. The existence of this critical FWHM value, corresponding to a critical
degree of alignment, indicates that the probability of contact between AgNWs decreases and therefore
the percolation networks are disturbed when the degree of alignment in the AGNW network is greater
than a critical point. Similar behaviors have been observed for aligned CNTs, where partially aligned
networks provide lower percolation thresholds and higher conductivities than either randomly or
perfectly aligned networks.*® We also note that R, values of the aligned AgNW networks do not depend
on the measurement directions (parallel and orthogonal directions) for aligned AgNW networks when
the alignment degree is below the critical FWHM value (50.6°) (Figure 2.14). When the alignment
degree further increases over the critical FWHM value, the aligned AgNW networks exhibit an

increasing discrepancy of Ry values in the parallel and orthogonal directions.

59



Figure 2.12e compares the R, to T performance of various AgNW TCEs, including the aligned and
random AgNW networks fabricated in this study. The aligned AgNW networks exhibit superior
transparencies of 95.0-96.7% and R, values of 15.6-25.2 Q/sq compared to other TCEs based on random
AgNW networks. The best value of R¢-T performance of 19.5 /sq at 96.7% transmittance for the
aligned AgNW film compares favorably to the performances of previously reported AgNW TCEs, such
as graphene-AgNWs hybrid film (33€/sq, 94%)”, very long AgNWs (9-23Q/sq, 89-95%),% spray-
coated AgNWs (20€/sq, 92.1%),* dry-transferred AgNWs (10Q/sq, 85%),%* graphene oxide-soldered
AgNWs (12-269/sq, 86-92.1%),’” and polymer-soldered AgNWs (25€/sq, 85%).%

In order to evaluate the trade-off in performance between R, and T for TCEs, the electrical to optical

conductivity ratio (64/04y) is used as a figure of merit (FoM), defined as'*

188.5 a,,,\ 2
T = (1 + X o”t)
Rs Odc

where the values of Rs and 7" at 550 nm wavelength are used. The aligned AgNWs with 7 = 95.0-
96.7% and R, = 15.6-25.2 Q/sq exhibited a FoM of g4/0,,:= 360-571.3 with an average value of 444.1.
The FoM of the aligned AgNW films is significantly higher than that (218.6) of the random AgNW
films as well as those of other solution-processed TCEs based on various NWs (64/00p = 89-349)
(Figure. 2.12f). The TCEs based on the aligned AgNWs also possess high flexibility. The aligned AgNW
TCEs exhibit small variations in resistance (below 10%) under bending radii as small as 1.25 mm,
whereas the resistance of ITO films sharply increases because of the brittle nature of ITO (Figure 2.15a).
Moreover, the aligned AgNW films show high mechanical stabilities without significant changes in

resistance, even after 1,000 bending cycles at the bending radius of 1.25 mm (Figure 2.15b).
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Figure 2.12. Comparison of optical and electrical performances of AgNWSs with aligned and randomly
oriented networks. (a) SEM images of aligned AgNW and random AgNW networks show good
agreement with corresponding geometric structures. Schematics provide a basis for the understanding
of the electrical percolation behavior of the networks. All scale bars are 2um. (b) Sheet resistance (Rs)
for AgNW networks with aligned and randomly oriented geometries as a function of NW linear density.
(c) Optical transmittance T (solid lines) and haze factor (dashed lines) over the visible spectrum for
aligned (blue) and random (red) AgNWs with similar R values. The substrate was used as a reference.
(d) Change in the R, of aligned AgN'W networks as a function of the alignment degree, wherein FWHM

values are calculated from the radial summation of the pixel intensity in FFT patterns. Comparison of
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Figure 2.13. (a) Change in NW linear density and (b) T over the visible light range (400-800 nm
wavelength) for aligned AgNW networks fabricated with different coating speeds. (c¢) The comparison
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Figure 2.14. Sheet resistances of aligned AgNW networks for different measurement directions as a
function of FWHM values. Aligned AgNW networks with various alignment degrees were fabricated
with solution concentrations of 0.05-0.5 wt.%, coating speed of 1.5 mm/s, and coating pressure of 1.57

kPa.
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Figure 2.15. Mechanical properties of aligned AgNW films on PET substrates. (a) Variations in
resistance of aligned AgN'W film as a function of bending radius. (b) Resistance change over the course

of 1000 bending cycles at the bending radius of 1.25 mm. Resistance was measured after the films were

released and had resumed the lengths measured prior to bending.
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In order to further evaluate the performances and compatibilities of the aligned AgNW TCEs for
optoelectronic devices, we fabricated PLEDs using a device architecture of glass/AgNWs/poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS)/emitting layer/LiF/Al (Figure 2.16a).
Super Yellow (SY-PPV) was used as the emitting layer material to create high-performance PLEDs.!®
Figure 2.16b shows the energy level diagram of the device. Figures 2.16c-f show the comparisons of
current density, luminance, electroluminescence (EL), and power efficiencies of PLED devices based
on ITO, random AgNW (R, =20 Q/sq, T=92.9%), and aligned AgNW electrodes (R, =21.4 Q/sq, T=
95.8%), the results of which are summarized in Table 2.1. In traditional PLEDs with random AgNW
networks, it has been reported that electrical charges were irregularly injected because of the protruding
features and poor surface coverage of the AgNWs. This led to high leakage currents and irregular charge
recombination inside the emissive layer, which caused unstable and low device efficiency.’* 1!
Meanwhile, as can be seen in Figure 2.16c, the device with an aligned AgNW network shows a lower
leakage current with a turn-on voltage of 2.0 V than that of the device with a random AgNW network,
which can be attributed to the smoother surface morphology of the aligned AgNW network (Figure
2.17). In addition, the devices with aligned AgNW networks show enhanced light-emitting
performances including maximum luminance, EL efficiency, and power efficiency of 33068 cd/m? (at
8.0V), 14.25 cd/A (at 5.8V), and 10.62 Im/W (3.6V), compared to devices with random AgNWs with
performances of 25223 cd/m? (at 8.6V), 12.23 cd/A (at 7.0V), and 7.16 Im/W (4.8V), respectively (Table
2.1). The control devices with ITO electrodes exhibit the EL efficiency of 11.61 cd/A and power
efficiency of 7.54 Im/W. In particular, the device with aligned AgNWs exhibits a 30% enhancement in
maximum luminance compared to that with random AgNWs and also shows a high EL efficiency (14.25
cd/A), which is among the highest values reported so far using ITO-free TCEs for fluorescent PLEDs.*"
61, 80, 100-102

The improved device performance with the aligned AgNW TCE can be attributed to the reduction
in the optical loss of emitted light by the high 7 (Figure 2.18), low leakage current, and uniform charge
injection by the smooth surface morphologies of the aligned AgNWs, resulting in the enhanced out-
coupling efficiency. The low leakage current for the aligned AgNWs is beneficial in enhancing the
stability and efficiency of the PLEDs. Atomic force microscope (AFM) and optical microscope images
show that the aligned AgNW networks possesses a smoother surface (root mean square (RMS)
roughness, Rq = 15.6 nm) with no aggregated NWs, as compared to the random AgNW network with a
large roughness (Rq = 33.9 nm) and clumps of NWs, which can cause irregular charge injection as well
as high leakage currents and short circuits from the AgNWs protruding through the emissive layer
(Figure 2.17). Although random AgNW networks have been known to enhance the light extraction
efficiency of LED due to the light scattering effect,*”* this effect is not significant in our study because

our random AgNWs have a relatively low haze factor (~2.8% at 550 nm wavelength) compared to the
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previous studies.

As another application in optoelectronic devices, we evaluated the device performance of PSCs
using aligned AgNW TCEs. The device structure and energy level diagram are presented in Figure
2.19a,b. Blended poly[4,8-bis(5-(2-ethylhexyl) thiophen-2-yl)benzo[1,2-b:4,5-b'|dithiophene-co-3-
fluorothieno[3,4-b]thiophene-2-carboxylate] (PTB7-Th):[6,6]-phenyl-C7 butyric acid methyl ester
(PC71BM) electron donor:electron acceptor was used as the active layer to ensure high-performance
PSCs.! Figure 2.19¢ shows the current density—voltage (J-V) characteristics of the devices with ITO,
random, and aligned AgNW TCEs. Detailed characteristics of the PSCs are reported in Table 2.1.
Notably, an enhanced short-circuit current (Jsc) of 17.83 mA/cm is observed for the case of aligned
AgNWs. Meanwhile, random AgNW and ITO TCEs exhibited Jsc values of 16.37 mA/cm and 17.17
mA/cm, respectively. The high Jsc value using aligned AgNW-based PSCs can be attributed to the
effective charge-carrier collection from the smooth surface of the electrodes, as well as the high T of
95.8% at 550 nm wavelength of the aligned AgNWs.

The increase in Jsc using the aligned AgNW TCE:s is evident in the incident photon-to-current
efficiency (IPCE) data. Figure 2.19d compares the IPCE in the wavelength range of 300-900 nm for
PSCs with different TCE materials. In particular, in the range of 350 to 500 nm, PSCs with aligned
AgNWs show quantum efficiencies several percent higher than those with random AgNWs, as a result
of the higher T of the aligned AgNWs (Figure 2.18). In addition, the series resistance of the aligned
AgNW-based devices, measured at 5 Q cm? was lower than those with random AgNW (8.20 Q cm?)
and ITO (6.67 Q cm?) electrodes, which resulted in a higher fill factor of 0.64 for the PSCs with aligned
AgNWs than for those with random AgNW (0.61) and ITO (0.61) electrodes. As the results of these
features, the PSCs with aligned AgNWs yielded power conversion efficiency (PCE, 1) of 8.57% which
is superior to that of PSCs with random AgNWs (7.62%) and comparable to that of the control devices
with ITO (8.56%) (Table 2.1). Notably, the obtained 7 = 8.57% is the highest reported to date for PSCs
using AgNW electrodes.
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Figure 2.16. Device structure and characteristics of PLEDs using aligned AgNW electrodes. (a)
Schematic PLED structure. (b) Schematic energy level diagrams under the flat-band condition for
PLEDs with AgNW electrodes. (¢) Current density, (d) luminance, (e) luminous efficiency, and (f)
power efficiency with changes in the applied voltage for PLEDs with ITO, random, and aligned AgNW
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>m AGNW/PEDOT:PSS

Figure 2.17. AFM images of (a) aligned AgNW networks and (b) random AgNW networks. The surface
roughness of aligned AgN'Ws films is lower than that of random AgNWs films. The scale bars are 2 pm.
Optical images for the surface of PEDOT:PSS coated onto (c) aligned and (d) random AgNW films.
The scale bars are 100 um. The surface of random AgNWs films shows the protrusion of NWs through
the PEDOT:PSS layer. The scale bars of the magnifications are 20 pum.
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Figure 2.19. Device structure and characteristics of PSCs using aligned AgNW electrodes. (a)
Schematic PSC structure. (b) Schematic energy level diagrams under the flat-band condition. (c) J-V
characteristics under AM 1.5 illumination at 100 mW c¢m™ and (d) IPCE of PSCs with ITO, random,
and aligned AgNW electrodes.
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Table 2.1. Device Characteristics of PTB7-Th/PC;:BM PSCs and SY PLEDs with ITO or random

and aligned AgNW Electrodes.

. . Maximum
Maximum Maximum ower Turn-on
PLED configuration luminance EL efficiency po
[cd m2] [cd A1) efficiency Voltage
[Im W]

. . _ 62301 + 5952 10.16 £ 1.45 8.37 £ 0.83

ITO/PEDOT:PSS / SY / LiF / Al (n=4) (68253)° (11.61)° (7.54)° 20V
. . _ 22740 + 2483 11.89 £ 0.34 7.83 £ 0.67

Random AgNW / PEDOT:PSS / SY / LiF / Al (n=4) (25223)° (12.23) (7.16)° 20V
. . . _ 30523 £ 2545 1249 + 1.76 9.51 £ 1.1

Aligned AgNW / PEDOT:PSS / SY / LiF / Al (n=4) (33068)° (14.25)° (10.62)° 20V

. . Joo Voe PCE

PSC configuration [mA cm?] V] FF %]

. e _ 16.57 + 0.59 0.79+ 0.08 0.63+ 0.02 8.26+ 0.30
ITO/PEDOT:PSS / PTB7-Th:PC+BM / Al (n=10) (17.47)° (0.80)° (0.61)° (8.56)°
Random AgNW / PEDOT:PSS / PTB7-Th:PC;,BM / 16.29 + 0.09 0.76+ 0.01 0.61 £ 0.01 7.46+ 0.01
Al (n=10) (16.37)° (0.76)° (0.61)° (7.62)°
Aligned AgNW / PEDOT:PSS / PTB7-Th:PC7,BM / Al 17.20 £ 0.62 0.76 + 0.01 0.64 + 0.01 8.39 £ 0.19
(n=10) (17.83)° (0.76)° (0.64)° (8.57)°
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To further evaluate the potential use of aligned AgNW networks in flexible devices, flexible PLEDs
and PSCs based on aligned AgNWs were prepared using flexible substrates. The characteristics of the
flexible PLEDs and PSCs using aligned AgNW and ITO electrodes are shown in Figure 2.20 and 2.21,
respectively. The performances of the flexible PLEDs and PSCs with aligned AgNW TCEs were
comparable to those of the devices with ITO films. In particular, a PCE of 8% was achieved for flexible
PSCs with aligned AgNWs, which constitutes the highest PCE to date among flexible PSCs based on
AgNW TCEs.*: 5% 55104 Tg investigate the mechanical stability of the flexible devices with aligned
AgNWs, Figure 2.22a shows the change in luminance of flexible PLEDs using ITO and aligned AgNW
TCEs over the course of 1,000 bending cycles at a bending radius of 5 mm. The flexible PLEDs using
aligned AgNW TCEs retain 80% of the initial luminance over 300 bending cycles, whereas the ITO-
based flexible PLEDs show rapid decreases in luminance. Likewise, the flexible PSCs using aligned
AgNW TCE:s retain over 80% of the original PCE value even after 1000 bending cycles, whereas the
PCEs of devices using ITO rapidly decrease after only 100 cycles (Figure 2.22b). These results
demonstrate the viability of using aligned AgNWs in flexible devices including OLEDs, PSCs and other

optoelectronic devices.
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Figure 2.20. Light-emitting characteristics. Variations in (a) current density, (b) luminance, (¢) EL

efficiency, and (d) power efficiency with applied voltage using ITO-coated and random or aligned

AgNW-based electrodes on flexible substrates.
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Figure 2.22. Performances of flexible PLEDs and PSCs. (a) Normalized luminance of flexible PLEDs

and (b) power conversion efficiency (1) of PSCs using ITO and aligned AgNW on PET substrates over

the course of 1000 bending cycles at 5 V with a bending radius of 5 mm. The insets show photographs
of the flexible aligned AgNW-based PLED and PSC.
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2.4 Conclusions

In conclusion, we have developed a high-throughput, one-step capillary printing strategy for the
fabrication of TCEs based on aligned AgNWs. In the capillary printing process, the unidirectional
dragging of AgNW solutions by a trigonal prismatic PDMS stamp with nano-patterned channels
produced highly aligned AgNW arrays. The key technologies essential to the success of the capillary
printing strategy include the pre-alignment of AgNWs in the PDMS nanochannels by physical
confinement and the subsequent alignment of NW by the uniform meniscus line, which exerts solvent-
evaporation-induced capillary forces on the meniscus-trapped AgNWs. The aligned AgNW networks
showed lower electrical percolation thresholds than random AgNW networks, which led to higher T at
similar R, or lower R, at similar 7. Notably, partially misaligned NWs are necessary for the formation
of the electrical percolation network. By tuning the degree of NW alignment, we demonstrated that the
degree of NW alignment could be optimized for the fabrication of high-performance TCEs.

The TCEs based on aligned AgNW networks exhibited outstanding performances of 19.5 Q/sq at
96.7% transmittance and a high FoM value of 571.3, which can be favorably compared to the
performances of other NW-based TCEs. For the potential applications of aligned AgNW TCEs in
optoelectronic devices, we demonstrated highly efficient, flexible PSCs and PLEDs. The observed PCE
of 8.57% in PSCs, as well as the luminance efficiency of 14.25 cd/A and power efficiency of 10.62
Im/W in PLEDs, currently represent the highest efficiencies reported for AgNW-based devices.
Moreover, the flexible PSC fabricated using aligned AgNWs had a PCE of 8.00%, 80% of which was
maintained after 1,000 bending cycles. This work demonstrates that aligned Ag NW networks are
excellent candidates for low-cost ITO-free TCEs used in optoelectronic devices and future flexible
electronics. While the AgNW entanglement issue for high aspect ratio AgNWs needs to be addressed
in the future, this capillary printing strategy for the preparation of aligned AgNW films may be further
explored and applied to the alignment and assembly of other NW types, and may be of great utility in

the development and mass production of next-generation optoelectronic devices.
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Chapter 3. Plasmonic behaviors of an aligned AgNW network decorated by

Ag nanoparticles for high-performance optoelectronic devices

3.1 Introduction

Organic optoelectronic devices (OODs) such as organic light-emitting diodes (OLEDs) and organic
solar cells (OSCs) have attracted great attention due to their advantages such as cost-effective, light-
weight, large scale solution processing and mechanical flexibility.!?517 Although significant progress
has been made to enhance their device performance through the continued development of new
materials and device configurations, further improvement of device efficiency is still necessary for their
commercialization.!®!!! One strategy to maximize device efficiency is to increase the active layer
thickness to improving light absorption. However, the thickness of active layer is severely limited by
the low carrier mobilities of most organic materials.!'> ''* Therefore, it is necessary to find strategies to
maximize light absorption within thin active layers.

Plasmonic metal nanostructures such as nanoparticles (NPs), nanorods (NRs), and nanowires (NW5s)
have been introduced as an efficient way to improve device efficiency via scattering or trapping of
light."'*12¢ Among various metal nanostructures, silver nanowires (AgNWs) are considered promising
plasmonic materials with strong surface plasmon resonance (SPR) spanning the visible spectrum and
near-IR region. AgNW networks offer the unique advantage of simultaneously serving as an excellent
transparent electrode as well as a plasmonic nanostructure for high performance OODs.** Recently,
plasmonic OSCs and OLEDs have been reported using random AgNW networks to enhance light
scattering and trapping effects.!®" 127 However, these devices based on random AgNW networks still
contain several drawbacks including rough surface morphology and NW aggregation, which results in
electrical short-circuits or deteriorated device efficiency.® In addition, despite their enormous potential
for improving the efficiency of OSCs and OLEDs, the plasmonic effects of AgNW networks are still
not fully understood and remain topics of intense investigation.

NW and NP-NW gap structures can be considered as efficient nano-antennas and nano- resonators.
Both structures are rather efficient in resonantly enhancing the scattered light and local electromagnetic
fields. NP-NW plasmon coupling has been known to provide large E-field enhancements via the gap-
plasmon effect.!?®13% In particular, NP-N'W junctions can act as efficient nano-antenna for the efficient
coupling of incident light into propagating surface plasmon polaritons (SPPs) on metal NWs surface.'*
130 The NP-NW plasmon systems constitutes a powerful platform for the design of new hybrid,
plasmonic optoelectronic devices. However, there have not yet been concerted attempts to utilize NP-
NW plasmon system to implement and improve device performance in OLEDs and OSCs.

Here, we demonstrate plasmonic transparent electrodes based on aligned AgNW networks decorated
with core-shell Ag@SiO;NPs (NP-enhanced plasmonic AgNW electrodes) for enhanced OOD

73



performance. Ag@SiO,NP-AgNW electrodes provide strong plasmon coupling of incident light,
resulting in outstanding E-field enhancement at NP-NW interface due to the NP-NW gap-plasmon
effect. Furthermore, compared to plasmonic OSCs and OLEDs based on random AgNW networks, the
aligned AgNW networks in our devices provide excellent figures of merit (electrical to optical
conductivity ratio) and smooth surface morphologies, providing good contact with the active area for
efficient carrier injection and reduced series resistance.'*! Therefore, NP-enhanced plasmonic AgNW
network serves as high-performance transparent electrode, which can be synergistically combined with
plasmon properties with largely enhanced electromagnetic near-field coupling at NW-NP interface via

gap plasmon effect to improve OOD device performance.
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3.2 Experimental Details

Synthesis of core-shell Ag@SiO:NP: For the preparation of core-shell Ag@SiO>NPs, AgNPs were
first synthesized by the polyol method. In detail, 0.1 g of silver nitrate was dissolved in a solution
consisting of polyvinylpyrrolidone (PVP) (1.5 g) and ethylene glycol (6 mL). The PVP-capped Ag
nanoparticles were collected after reaction at 120°C for 1 hr. Next, silica shells were formed onto the
surfaces of AgNPs in the following way: A homogeneous AgNP solution in ethanol (140 mL) was mixed
with ammonium hydroxide (4 mL) with stirring, and then 0.75 mL of tetracthyl orthosilicate (TEOS)
was injected. Another aliquot of TEOS (0.75 mL) was added in the resulting solution after 30 min.
Finally, Ag@SiO> NPs were collected after several centrifugations with ethanol.

Fabrication of aligned AgNW decorated by core-shell Ag@SiO;NPs film: To prepare AgNP
enhanced plasmonic AgNW electrodes, glass substrates were cleaned with acetone, isopropyl alcohol
(IPA) and deionized (D.1.) water by sonication for 15 min each. Substrates were functionalized with
amine groups using PLL layers, which were spin-coated onto substrates using 0.1% solutions of PLL
in H,O at 4000 rpm for 60 s. Next, aligned AgNW networks were fabricated onto amine functional
group terminated substrates by solution based capillary printing, where 0.5 wt% AgNW dispersions in
ethanol were used. AgNWs with an average length of 25 +5 um and diameter of 32 £5 nm (Nanopyxis
Corp.) were used. To fabricate hybrid NW-NP structures, aligned AgNW films were immersed in an 1.0
wt.% Ag@SiO,NPs dispersion in ethanol for 10 min.

Fabrication and characterization of OSCs using NP-enhanced plasmonic AgNW: OSCs were
fabricated using AgNWs and Ag@SiONP-AgNW films on top of cleaned glass substrates. A poly[4,8-
bis(5-(2-ethylhexyl) thiophen-2-yl)benzo[1,2-b:4,5-b"ldithiophene-co-3-fluorothieno[3,4-b]thiophene-
2-carboxylate] (PTB7-Th, 1-Material) and [6,6]-phenyl-C7; butyric acid methyl ester (PC71BM, Rieke
Metal) blend system was used for the active layer of the PSCs. The device configurations used for the
PSCs was AgNWs or Ag@SiO.NP-AgNW/PEDOT:PSS/active layer/Al. A PEDOT:PSS(AI4083)
solution was spin-cast on top of the Ag NWs and ITO films after UV-treatment for 15 min., then dried
at 120 °C to remove moisture. The resulting substrates were transferred to a nitrogen-filled globe box
and a PTB7-Th:PC7,BM (12 mg:15 mg) mixture in chlorobenzene (1 mL) with 3% of diphenyl ether
(DPE) as an additive was spin coated. Subsequently, the devices were transferred to a vacuum chamber
(<10torr) and Al electrodes (ca. 100 nm thick) were deposited by thermal evaporation. The area of the
Al electrodes was 13 mm?. Photovoltaic characteristics were measured inside a nitrogen filled glove
box using a high quality optical fiber to guide light from a solar simulator. The current-voltage
characteristics were measured using a Keithley 2635A source measurement unit under AM 1.5G
illumination at 100 mW c¢m™. The devices were measured using a shadow mask to define the photoactive
area (0.13 cm?). The external quantum efficiency was measured using an EQE system (Model QEX7)

by PV measurement Inc (Boulder, Colorado).
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Characterization: Core-shell Ag@SiO.NPs were characterized using UV-visible spectrometry
(Jasco V-670) and transmission electron microscopy (TEM, JEOL). Optical properties of Ag@SiO,NP-
AgNW networks were measured using UV-visible spectrometry (Jasco V-670) equipped with a linear
polarizer. The sheet resistance of hybrid Ag@SiO,NP-AgNW films was obtained using the four-point
probe technique (Kiethley 2400 equipment). For Raman mapping analysis, the Raman intensity was
investigated using a confocal Raman microscope (Alpha 300, WITec) with 532 nm laser excitation.
Confocal images were obtained by the CLSM technique (FV1000, OLYMPUS Corp.) using an incident
laser with the wavelength of 473 nm. Fluorimetry (Cary Eclipse, Varian Corp.) was used without an

integrating sphere to measure solid-state PL spectra.
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3.3 Results and Discussion

A schematic illustration of the NP-enhanced plasmonic AgNW electrode design is shown in Figure
3.1a, consisting of aligned AgNW networks decorated with core-shell Ag@SiO.NPs where AgNPs are
separated from the surface of AgNW by nanometer-scale gaps due to their SiO, shells. Here, we
employed core-shell Ag@SiO,NPs to provide dielectric gaps between NPs and NWs, thus preventing
direct contact between AgNPs and AgNWs and generating gap plasmon coupling. These gaps at the
NP-NW interfaces can induce giant localized E-field enhancements by mediating the coupling of light
to plasmonic near-field excitations and guided modes such as SPPs with in the plane.

Specifically, AgNPs on the AgNWs can function as nano-antenna to couple the incident light into
delocalized SPPs on the NW surfaces. This type of E-field enhancement is schematically shown in
Figure 3.1b.'?® Figure 3.1c shows a transmission electron microscopy (TEM) image of core-shell
Ag@SiO,NPs, which comprise of the Ag@SiO,NPs separated from the NWs by a nanoscale dielectric
gap of ~ 5 nm provided by the SiO; shells. The size of core-shell nanoparticles was controlled to prevent
electric short-circuits through the active layer and to ensure a smooth surface morphology. The optical
absorption spectra of Ag@SiO,NP films exhibit a broader and slightly red-shifted absorption band
around 420 nm wavelength compared to AgNP films without shells (Figure 3.2), which is attributed to
the dielectric environment change from air to SiO, which modulates the localized surface plasmon
resonance (LSPR) frequency of AgNPs. The fabrication procedure of NP-enhanced plasmonic AgNW
film is schematically illustrated in Figure 3.3. The aligned AgNW networks are directly coated onto a
glass substrate using a capillary printing technique after the modification of glass surface by amine-
terminated poly-L-lysine (PLL) (Figure 3.4)."*! Next, core-shell Ag@SiO>NPs are uniformly coated
onto the aligned AgNW networks using a dip coating method. Figure 3.1d shows a scanning electron
microscope (SEM) image of the surface geometry of an NP-enhanced plasmonic AgNW film. It can be
seen that Ag@SiO>NPs are uniformly assembled onto and between the aligned AgNW networks.
AgNPs adhered onto AgNWs provide NW-NP junctions which generate gap plasmon effects (Figure
3.1e). Moreover, the aligned AgNW networks have been demonstrated to exhibit a lower percolation
threshold, resulting in significantly improved optical transmittance at a similar sheet resistance and
smoother surface roughness compared to random AgNW networks.'! Therefore, NP-enhanced
plasmonic AgNW electrodes yield low sheet resistance (20.5 /sq) and high transmittance (94.3% at
550 nm wavelength), allowing them to function as high performance transparent electrodes (Figure
3.19).

The optical absorption spectra were collected with different densities of Ag@SiO,NPs. NP-enhanced
plasmonic AgNW films showed several absorption maxima, where 350 and 380 nm extinction peaks
arise from the transverse SPR modes of AgNWs and the 420 nm extinction peak represents LSPR of
AgNPs, respectively (Figure 3.1g).* The spectral intensities at 380 nm and 420 nm gradually increase
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with increasing surface density of Ag@SiO,NPs, which can be attributed to a combination of absorption
produced by plasmon excitations from the nano-antenna as well as the resonance couplings between
SPRs of AgNPs and AgNWs.!*? To further investigate the plasmon coupling of NP-enhanced plasmonic
AgNW films, we collected absorption spectra of aligned AgNW networks without AgNPs using light
with different polarization directions. As shown in Figure 3.5, the aligned AgNW networks clearly show
polarization dependent absorption spectra according to the polarization direction of incident light
relative to the NW orientation. In contrast, random AgNW networks do not show polarization
dependence. For the aligned AgNW networks, the intensities of two absorption maxima at ~350 and
~380 nm are strongly enhanced for incident light polarized perpendicular to the NWs due to two distinct
transverse SPR modes. In contrast, the broad absorption at longer wavelengths (500 — 800 nm), arising
from the longitudinal SPR modes of AgNWs, is enhanced when the incident light is polarized parallel
to the NWs. This polarization dependent optical behavior is mainly attributed to optical anisotropy of
the aligned AgNW networks.!** Plasmonic behavior of NP-enhanced plasmonic AgNW films differs
somewhat from aligned AgNW films. Previously, it has been reported that SPPs can be excited by
incident light through the NP antenna on NWs and propagate along the NWs over tens of microns (with
gradual energy loss by Ohmic damping) and can be scattered back into free-space photons by the NP
antennas on the NWs.'?% 134135 Figure 3.1h shows polarized absorption spectra of NP-enhanced aligned
plasmonic AgNW films with different polarization directions of incident light. Interestingly, when the
incident light is polarized perpendicular to the NW axis, the intensities of transverse SPR peaks (350
and 380 nm peaks) of AgNWs are higher than those of parallel polarization, indicating the higher
probability of excitation of transverse SPR modes of AgNWs at perpendicular polarization. In the
meantime, the intensity of the LSPR peak (420 nm) of AgNPs for perpendicular polarization is lower
than that of parallel polarization, suggesting that the LSPR mode of AgNPs is partially deactivated
through the hybridization between LSPs of AgNPs and propagating SPPs on AgNWs. This result
indicates that the coupling efficiency of NP-NW gap plasmons is higher at perpendicular than parallel
polarization, in agreement with previous reports.!** We also observe that the broad absorption at long
wavelengths (500 to 800 nm) is higher for parallel polarization than for perpendicular polarization,
implying that the longitudinal SPP modes on AgNWs are highly excited by parallel polarization (Figure
3.1h).
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Figure 3.1. Hybrid NP-enhanced plasmonic AgNW network. (a) Representative illustration of a NP-
enhanced plasmonic AgNW network. (b) Schematic illustration of plasmon coupling in a NW-NP
hybrid plasmonic system showing the interaction between LSP of a metal NP and propagating SPP on
a metal NW. (¢) Transmission electron microscopy (TEM) image of core-shell Ag@SiO,NPs. The scale
bar indicates 20 nm. (d,e) SEM images of an aligned AgNW network decorated with core-shell
Ag@SiO;NPs. Scale bars indicate 500 nm and 100 nm, respectively. (f) Optical transmittance of an
aligned AgNW decorated with Ag@SiO,NPs film in the visible region. (g) Optical absorption spectra
of (top) aligned AgNW networks decorated with different densities of Ag@SiO:NPs, (bottom) AgNP
and Ag@SiO,NPs in the range of 300—800 nm. (h) Polarization dependent optical absorption spectra of
aligned AgNW networks decorated with Ag@SiO,NPs. Polarization angles are defined as parallel (0°of
polarization) and perpendicular (90°of polarization) to the axis of the NWs.

79



(b) o0

(c) 30

Count
Count

10 12
Core particle size (nm)

14 02

3 4 5 6 7 8

Shell size (nm)
Figure 3.2. (a) TEM image of core-shell Ag@SiO, NPs, which comprise of core AgNP and SiO,

shells (b) The size distribution of core-shell Ag@SiO, NPs, obtained from an image analysis of 60
core-shell Ag@SiO, NPs in TEM images.

9

Surface modification Alignment
—

Poly-L-lysine _—
Bare Glass
S

Capillary printing

e Wl 1) Decoration with Ag@SiO,NP
~ ~ 4 .

Aligned AgNW

NP-enhanced plasmonic AQNW

Figure 3.3. Schematic of fabrication process for NP-enhanced plasmonic AgNW electrodes on glass
substrates.

80



~——

=

;—‘:
=

=
>

i‘

")‘z,’i’ﬁi"l it
N y87g | \l
sl

g
NN
Figure 3.4. SEM images of the aligned AgNW network. The scale bar indicates 1 pm.

(a) Aligned AgNW (b) Random AgNW

—— Polarization parallel

ion p
—— Polarization perpendicular

Polarized absorbance (a.u)

!

300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Polarized absorbance (a.u)

Figure 3.5. Optical absorption spectra of (a) aligned AgNW and (b) random AgNW with different

polarization of incident light

81



To elucidate NP-NW plasmon couplings, extinction spectra of NP-enhanced plasmonic AgNWs were
simulated by the discrete dipole approximation (DDA) algorithm to calculate the E-field enhancement
by NP-NW plasmon couplings. Simulated extinction spectra of both AgNW and Ag@SiO,NP-AgNW
systems were obtained where two distinct peaks at 372 and 402 nm are commonly observed due to
transverse SPRs of AgNWs (Figure 3.6). One weak excitation mode at 466 nm was also observed due
to the longitudinal SPR excitation along the axis parallel to the wire."’” In addition, a significant
extinction enhancement was observed at 416 nm with the addition of Ag@SiO,NP in the NP-NW
plasmonic system (Figure 3.7). Figures 3.8a, b show local electric-field enhancement images of NW
and NP-NW systems, respectively, under 416 nm excitation for polarization perpendicular to the
nanowire. E-field enhancement images for the NP-NW system show a giant enhancement of localized
E-field at the NP-N'W junction due to the strong gap plasmon couplings at the nanoscale gap of the NP-
NW interface. Figure 3.8c shows normalized E-field intensities for NW and NP-NW systems along the
NW length. In the NP-NW system, the gap plasmon effect between NW and NP provides significant E-
field enhancement at NP-N'W junction as well as additional E-field enhancement at both ends of the
AgNW. The modeled E-field enhancements provide a conceptual basis to confirm the mechanism by
which AgNPs adhered on AgNWs can act as nano-antenna which couple incident light into SPP modes
in the AgN'WSs which propagate to both ends of the NW.!*° In addition, it has been reported that NP-NW
coupling strongly depends on polarization direction where E-field enhancements are much larger for
polarization perpendicular to NWs than for polarization parallel to NWs.!'?* 136 In our simulation, for
light polarization parallel to the NW, E-field enhancement at the NP-NW interface is relatively low
compared to polarization perpendicular to the NW which demonstrates the existence of polarization
dependent plasmon coupling (Figure 3.8a,b and 3.9). To verify the plasmon coupling at NP-NW
junctions, surface-enhanced Raman scattering (SERS) spectra of NP-NW junctions absorbed on PLL
were investigated under different polarizations in single NP-NW system as shown in Figure 3.8d. The
Raman spectra of PLL at NP-NW junctions exhibit higher intensity when the incident light is polarized
perpendicular to the NWs, which shows good agreement with the simulation results (Figure 3.8¢). In
addition, the Raman intensity for NP-N'W junctions is considerably larger than that for the NWs alone,
indicating a giant enhancement due to the NP-NW plasmon coupling effect (Figure 3.8f). To compare
plasmonic behavior of three different plasmonic systems including AgNW films, NP-enhanced
plasmonic AgNW films, and Ag@SiO,NP films, Raman mapping analysis images were obtained as
shown in Figures 3.8g-i. SEM images of the three different systems showing their surface geometries
are shown in Figure 3.10. Notably, NP-enhanced plasmonic AgNW films showed the brightest regions
with many intense spots, indicating that the strong NP-NW plasmon couplings resulted in overall
increases in Raman intensity. On the other hand, AgNW films without NPs exhibited only local bright

spots due to strong plasmon couplings at the junctions between AgNWs. In contrast, the Raman
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mapping image of an Ag@SiO,NP film shows an entirely dark region with extremely low Raman
signals, suggesting that NP-NP plasmon interactions in Ag@SiO,NP assemblies are not the main factor
in our NP-NW plasmonic system due to the larger gap distance formed by two SiO; shells at NP-NP
contacts, which reduces the SERS intensities. The large improvement of Raman intensity distribution
for NP-enhanced plasmonic AgN'W films can be attributed to giant E-field enhancement due to NP-NW

gap plasmon couplings.
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Figure 3.8. Plasmonic behavior of NP-enhanced plasmonic AgNW electrodes. E-field distribution of

(a) an AgNW and (b) an AgNW decorated with an Ag@SiO2NP. Incident light of 416 nm wavelength
is polarized perpendicular to the long axis of the NW. (c) Schematic of plasmonic behavior of an AgNW
decorated with an Ag@SiO,NP. The AgNP on the AgNW acts as nano-antenna to couple incident light
into SPPs propagating along the NW (top). Calculated electric field intensity for NW and NP-NW along
the NW length (bottom). (d,e) Raman analysis of a NP-NW system with different polarization angles
of incident light. (d) SEM image of a single AgNW decorated with an AgNP for Raman analysis. The
arrows indicate incident light with perpendicular (purple) and parallel (red) polarization along the NW
direction, respectively. The scale bar is 100 nm. (¢) Raman spectra of poly-L-lysine (PLL) adsorbed on
NP-NW junction using an incident laser with 532 nm wavelength, polarized perpendicular (purple) and
parallel (red) along the NW direction. (f) Raman spectra of PLL adsorbed onto NW and NP-NW
junction networks. (g-i) Surface-enhanced Raman spectroscopy (SERS) images. Raman mapping
images of PLL adsorbed on (g) AgNW, (h) Ag@SiO.NPs-AgNWs and (i) Ag@SiO>NPs on glass

substrates.
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Figure 3.10. (a-c) SEM images for three different structures of (a) AgNW, (b) AgNW-Ag@SiO,NPs,
and (c) Ag@SiO,NPs. All scale bars indicate 1 um.
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To elucidate the effect of NP-NW plasmon coupling on OPV devices, we performed confocal laser
scanning microscopy (CLSM) using Super Yellow (SY) as the fluorescence emissive layer coated on
AgNWs and NP-enhanced plasmonic AgNW films, respectively (Figures 3.11a,b). For NP-enhanced
plasmonic AgNW films, emission enhancement is clearly observed with a significant number of bright
spots, corresponding points where Ag@SiO,NPs couple to AgNWs, while weaker fluorescence
emission is observed in the Ag NW only films, caused by a few NW-NW junctions. These results are
consistent with enhanced fluorescence generated by SY within the near-field of NP-NW plasmon
coupling points. To further investigate emission enhancement due to NP-NW plasmon coupling,
confocal image with high resolution was obtained for a single Ag@SiO>NP decorated AgNW system
as shown in Figure 3.11c. We observed photoluminescence (PL) enhancement for all three plasmonic
systems including NW, NP, and NP-NW junction. Notably, NP-NW junctions show significantly
enhanced emission compared to NWs or NPs alone, due to the giant near-field effect of the NP-NW
plasmonic system, which is in good agreement with theoretical DDA simulations of the near-field
enhancement.

Steady-state PL spectra of SY films are plotted in Figure 3d, using different substrates including
poly(3,4-ethylenedioxythiophene):polystyrene sulphonic acid (PEDOT:PSS/SY),
AgNW/PEDOT:PSS/SY, AgNP/PEDOT:PSS/SY and Ag@SiO.NP-AgNW/PEDOT:PSS/SY films
coated on quartz substrates. As a control, we tested SY films on PEDOT:PSS, which showed the lowest
photoluminescence intensity due to exciton quenching at the PEDOT:PSS/SY interface. Ag@SiO,NP-
AgNW/PEDOT:PSS/SY films showed the highest PL intensity, which we attribute to significant
electromagnetic field enhancement induced by strong resonant coupling between excitons in SY and
the NP-NW plasmons, resulting in an overall increase in the number of photogenerated excitons
compared to films with AgNPs or AgNWs alone. The PL spectra of the flims are consistent with
confocal microscopy results, which both support fluorescence emission enhancement due to NP-

enhanced plasmonic AgNW networks.
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Figure 3.11. Photoluminescence behavior of fluorescent SY films on NP-enhanced plasmonic AgNW

electrodes. Confocal images of (a) an aligned AgNW network and (b) an aligned AgNW network
decorated by Ag@SiO:NPs coated by SY. The scale bars indicate 5 um. (c) High-resolution confocal
image of a single AgNW decorated by an Ag@SiO.NP, coated by SY where significant enhancement
of fluorescence emission is observed at the NW-NP junction. The scale bar is 4 um. (d) Steady-state
photoluminescence spectra of SY films with an aligned AgNW network and an aligned AgNW network
decorated by Ag@SiO,NPs.
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To investigate the effect of plasmon coupling on the improvement of device performance in OSCs
and OLEDs, we fabricated fluorescent OLEDs with NP-enhanced plasmonic AgNW electrodes to
improve the light emitting properties of the OLEDs. The device structure and energy diagram are
schematically illustrated in Figures 3.12a,b. SY was used as the emissive layer to ensure high-
performance OLEDs.!!® 138 Figures 3.12¢-f show OLED characteristics of devices using ITO, aligned
AgNWs and NP-enhanced plasmonic AgNW electrodes. In our previous work, we reported an
improvement of device performance in OSCs and OLEDs using aligned AgNWs due to coverage of
protruding features and poor surface coverage.'*! As shown in Figure 3.12¢, both devices with NP-
enhanced plasmonic AgNW and aligned AgNW electrodes showed low leakage currents with a turn on
voltage of 2.0 V due to the smooth surface morphology of aligned AgNW networks. The devices with
NP-enhanced plasmonic AgNW electrodes showed similar current density and reduced voltage for
maximum luminance compared to devices with aligned AgNW electrodes. The device with NP-
enhanced plasmonic AgNW electrodes showed substantially improved light-emitting properties with
the highest luminance (29991 cd/m? at 7.2 V for the device with NP-enhanced plasmonic AgNW
electrode and 20436 cd/m? at 7.4 V for the device with aligned AgNW electrode) as shown in Figure
3.12d. In particular, the EL efficiency and power efficiency were found to be 25.33 c¢d/A, and 25.14
lm/W, respectively, for the device with NP-enhanced plasmonic AgNW electrodes, which are more than
twice as large compared to aligned AgNW only electrodes (EL efficiency and power efficiency is 10.57
cd/A, and 10.98 Im/W). Control devices with ITO electrodes exhibited an EL efficiency of 10.28 cd/A
and power efficiency of 9.31 lm/W. In particular, the device with NP-enhanced plasmonic AgNW
electrodes exhibited by far the highest power efficiency of 25.14 Im/W. These values of EL efficiency
and power efficiency are the highest values reported so far using ITO-free TCEs for fluorescent OLEDs.
8057 The improved device performance with NP-enhanced plasmonic AgNW electrodes can be
attributed to strong plasmon coupling of light resulting in outstanding E-field enhancement at NP-NW
interfaces due to the NP-NW gap plasmon effect. Fluorescence emission enhancement of the SY film
with NP-enhanced plasmonic AgNW electrodes also supports the improved device performance in
OLEDs, which was further confirmed by solid state PL measurements and CLSM.

To investigate OSC characteristics with NP-enhanced plasmonic AgNW electrodes, we employed
various approaches to demonstrate the effect of plasmon coupling. The device structure and energy
diagram are schematically illustrated in Figure 3.13a,b. Blended poly[4,8-bis(5-(2-ethylhexyl)
thiophen-2-yl)benzo[ 1,2-b:4,5-b’]dithiophene-co-3-fluorothieno[3,4-b]thiophene-2-carboxylate]
(PTB7-Th):[6,6]-phenyl-C7; butyric acid methyl ester (PC71BM) electron donor/electron acceptor bulk
heterojunctions were used as the active layers to ensure high-performance OSCs.

Figure 3.13¢ shows the J-V characteristics of OSC devices using ITO, aligned AgNW and NP-
enhanced plasmonic AgNW electrodes. Both OSCs using two different electrodes showed higher fill
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factors of 0.70 and 0.71 due to the smooth surface morphology of aligned AgNW networks'33. The Js
value of 16.25 mA/cm? for the device with NP-enhanced AgNW electrode was improved compared to
the Ji values of 14.58 mA/cm? and 15.20 mA/cm? observed for aligned AgNW and ITO electrodes,
respectively, whereas values of Vo and FF remained similar. The increase in Ji, with NP-enhanced
plasmonic AgNW electrode was verified by external quantum efficiency (EQE) enhancement in the
range of 300-800 nm, as shown in Figure 3.13d and 3.14. To clarify the plasmon coupling effect of NP-
enhanced plasmonic AgNW electrodes on the photogeneration of charge carriers, we calculated the
changes in absorption (Aabsorbance) and EQE (AEQE) of the NP-enhanced plasmonic AgNW devices.
The enhancement of EQE is consistent with increases in absorption, showing similar enhancement
peaks at wavelengths of 400 nm and 700 nm (Figure 3.14). As a result of these features, we achieved
excellent PCEs of up to 9.19% for the OSCs with NP-enhanced plasmonic AgNW electrodes,
constituting a ~10% enhancement compared to 8.28% observed for aligned AgNW electrodes (Table
3.1). Note that the PCE value of 9.19% represents the highest device efficiency reported for OSC
devices using AGNW electrodes. 6 345658

To investigate the charge generation and extraction processes using NP-enhanced plasmonic AgNW
electrodes, photocurrent (Jn) versus effective voltage (Verr) is plotted for OSCs under illuminated and
in the dark (Figure 3.15). Ju is given by Jpn = Ji - Jp, where Ji. is illuminated current density and Jp is
dark current density. Ve is given by Ve =V -V, where V) is the compensation voltage at Jyn = 0 and V'
is the applied bias voltage. Log—log plots of Jy—Vesr show a transition to saturation regime at a certain

Vetr, where it becomes limited by the field and G as described by equation (1);

Jsat = qLGmax (1)

where ¢ is the elementary charge, L is the thickness of the active layer, and G is the maximum
photo-induced carrier generation rate per unit volume. Even though both devices showed good exciton
generation rate and exciton dissociation probability, the device with NP-enhanced plasmonic AgNW
electrodes reached saturation region at slightly lower fields, compared to devices with AgNW-only
electrodes. This result confirms that the excitation of LSP modes generated excitons which dissociated
to free charge carriers. Additionally, it can be inferred from this result that the gap-plasmon effect not

only improved the exciton generation rate but also exciton dissociation efficiency.!'*’
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Figure 3.12. Device structure and characteristics of OLEDs using NP-enhanced plasmonic AgNW
electrodes. (a) Schematic device structure of OLEDs with NP-enhanced plasmonic AgNW electrodes.
(b) Schematic energy level diagram under the flat-band condition. (c) Current density, (d) luminance,

(e) luminous efficiency and (f) power efficiency versus applied voltage for OLEDs with ITO, aligned
AgNW, and NP-enhanced plasmonic AgNW electrodes.
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Table 3.1. Device characteristics of SY-based OLEDs and PTB7-Th:PC7BM based OSCs using ITO,
aligned AgNW and NP-enhanced plasmonic AgNW electrodes

. . Maximum
Maximum Maximum ower
luminance EL efficiency eflf)icienc Turn-on
PLED configuration [cd m?] [cd A1] y y
. . [Im W-1]
(at listed (at listed . Voltage
voltage) voltage) (at listed
voltage)
56792 10.28 9.31
ITo (8.4V) (3.6V) (3.4V) 20V
- 20436 10.57 10.98
Aligned AgNW (7.4V) 32V) (3.2V) 20V
NP-enhanced plasmonic 29991 25.33 25.14 20V
AgNW (7.2V) (3.2V) (3.0V) ’
1 1 JSC VOC
PSC configuration (mAlem?) Cal.Jgc V) FF (,,2)
ITO 15.20 135.25 0.79 0.69 8.31
Alighed AgNW 14.58 13.66 0.80 0.71 8.28
NP-enhanced plasmonic
AgNW 16.25 15.98 0.81 0.70 9.19
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3.4 Conclusions

In conclusion, we have demonstrated that NP-enhanced plasmonic AgNW electrodes, consisting of
aligned AgNW networks decorated by core-shell Ag@SiO,NPs, provide an effective means to improve
the efficiency of both OLED and OSC devices via plasmonic and gap-plasmonic effects. Such NP-
enhanced plasmonic AgNW electrodes functioned both as outstanding transparent electrodes as well as
functioning as plasmonic structures. In the NP-NW hybrid plasmonic system, Ag@SiO-NPs played an
important role as nanoantenna, serving to couple incoming light into NW plasmons propagating along
NWs. This resulted in large near-field enhancement, which improved light absorption efficiency in
OSCs. Simulated near-field distributions of the NP-NW system indicated a giant local E-field
enhancement at NP-NW junctions due to strong gap-plasmon coupling between LSPs of AgNPs and
propagating SPPs of AgNWs. Raman mapping results confirmed that strong plasmon coupling in the
NW-NP system provides large E-field enhancement at NP-NW junctions. Finally, we achieve
outstanding EL efficiencies of up to 25.33 cd/A (at 3.2 V) and power efficiency of 25.14 Im/W (3.0 V)
in OLEDs as well as high PCEs of up to 9.19% in OSCs using Ag@SiO:NP-AgNW electrodes. These
results represent the highest efficiencies reported to date for OLEDs and OSCs based on AgNW
electrodes. Furthermore, this work demonstrates that NP-enhanced plasmonic AgNW films constitute
a multifunctional platform which may provide great utility in a wide variety of optoelectronic devices

and other plasmonic applications.
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Chapter 4. Ultrathin transparent electrodes with orthogonal AgNW arrays

for light-weight and flexible perovskite solar cells

4.1 Introduction

With rapid progress in energy harvesting devices, flexible and wearable photovoltaic devices have
attracted great interest to provide portable and wearable power sources in potential applications, such
as smart window, wearable personal electronic devices, and wearable textiles.!*!*> In particular,
lightweight and ultrathin solar cells have been one of major challenges to minimize the energy
consumption with increasing the power-per-weight, which provides primary benefits in specific
applications for future power source such as miniaturized drones or blimps, acrospace electronics, and
weather balloons.'*® To address these issues, various lightweight solar cells have been reported to
increase a power-per-weight across an overall solar cell technologies including silicon (Si) solar cells,
organic and perovskite solar cells.'** 4-146 Among them, perovskite solar cells (PSCs) with solution
processing and high light absorption capabilities have been considered as promising flexible and
lightweight power sources with rapid progress in both device efficiency and stability.'*-'* The
development in planar-heterojunction perovskite materials facilitates the construction of flexible PSCs

on polymer substrates due to low temperature solution processing.!3% 131

High absorption coefficient of
perovskite material facilitates the active layer of the device to be very thin below 1um, enabling large
flexibility of PSCs.'*® Recently, Martin et al. suggested flexible perovskite solar cells (PSCs) fabricated
on ultrathin polymer foils, achieving the highest power-per-weight of 23 Wg'!, which open the
possibility of lightweight PSC device.!'*

To further improve a device performance and mechanical stability for flexible PSCs, the fabrication
of ideal flexible transparent electrodes with low conductivity and excellent mechanical robustness is
essential to replace conventional indium tin oxide (ITO), whose brittle nature has limited their use in
flexible applications.®’ To date, several approaches have been reported to fabricate high-performance
flexible PSCs using various alternative to ITO, such as metal nanowire,'>*'>* carbon nanotube (CNT),!:

143. 157 and metal mesh.'*® ¥ Among these conducting nano-materials, silver nanowire

156 graphene,
(AgNW) networks have been known as attractive flexible transparent electrode in various photovoltaic
devices owing to their excellent electrical and optical properties as well as outstanding mechanical
flexibility.'* In addition, AgNW networks can be readily deposited to fabricate NW transparent

23.139 gpray-coating,” and

electrodes by using solution processing, such as spin-coating,?’ bar-coating,
vacuum filtration.'®® However, such conventional solution-based processes cause the formation of
random AgNW networks, which lead to several limitations for the fabrication of high-performance
flexible PSCs, such as NW aggregation, low transmittance, surface roughness. In particular, for

perovskite solar cell applications, AgNWs are severely damaged in the presence of halogen ions in the
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perovskite active layer, resulting in the formation of a silver-halide phase, which causes the loss of
electrical conductivity of AgNWs. !¢ Previously, there have been few attempts to prevent the diffusion
of halogen ions by using passivation layers deposited on random AgNW networks.!>* 134 Lee et al.
demonstrated AgNW-based flexible PSC devices with amorphous metal oxide protection, which
achieved power conversion efficiency (PCE) of 11.23 %.'%* For another methods, Kim et al. has reported
all-solution-based transparent electrode with random AgNW network embedded in both sol-gel ITO
and zinc oxide layers, which can effectively prevent the silver-halide formations in the fabrication of
perovskite solar cells. However, such approaches need the complex fabrication process for the
formation of oxide/metal NW/oxide structure and thick-buffer layer to fully cover protruding NWs in
random AgNW networks. In addition, further improvement of device performance is still in a challenge
in flexible applicatons. Thus, fundamental solution is that manipulating surface morphology of AgNW
network has to be preceded to efficiently prevent silver-halide formation and to improve device
efficiency, simultaneously.

Herein, we demonstrated the fabrication of PSC devices with orthogonal AgNW electrodes, which
enable to effectively prevent silver-halide formation during device fabrication, resulting in higher
device efficiency of 15.1% for PSC with orthogonal AgNW electrode on glass substrates, compared to
that with random AgNW electrode of 10.3%. In addition, we fabricated ultrathin and lightweight PSC
devices with orthogonal AgNW electrodes on very thin polymer foils, which show a capability to be
attached to an arbitrary surface due to low device thickness and lightness in addition to achieve an

outstanding power-per-weight of 34.4Wg™! with a PCE of 11.3 %.
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4.2 Experimental Details

Fabrication of ultrathin transparent electrode with orthogonal AgNW arrays: To support
ultrathin PEN foil as the substrate, planar PDMS films were prepared by mixing silicone elastomer base
(Sylgard 184, Dow Corning) and a curing agent in the ratio of 10:1. The mixture of liquid PDMS
prepolymer was poured onto petri dishes and stored in a vacuum desiccator for 30 min to eliminate air
bubbles. Next, the liquid PDMS prepolymer was solidified at 90°C for 3 hours.

The 1.3 um-thick PEN foil was physically adhered on planar PDMS film. The PEN foil on PDMS
film was treated by O, plasma for 5 min to provide hydrophilicity and surface wettability. Then, as-
treated PEN foil was functionalized with amine groups using PLL layers, which were spin-coated onto
substrates using 0.1% solutions of PLL in H,O at 4000 rpm for 60 s. Next, orthogonal AgNW networks
were fabricated onto amine functional group terminated substrates by second step capillary printing.
Here, 0.5 wt% AgNW dispersions (an average length of 25 +5 um and a diameter of 32 +5 nm.) in an
ethanol (Nanopyxis Corp.) were used.

Materials and preparation of perovskite: 2-Propanol (IPA) and anhydrous N,N-
dimethylformamide (DMF) were purchased from Sigma-Aldrich and were used without purification.
Lead lodide (Pbl,, 99.999%) were purchased from Alfa Aesar. Methylammonium iodide (MAI) was
reported previous literature. To prepare perovskite precursor solutions, 1.3 mM of Pbl, was dissolved
in 1ml DMF and MALI precursor was varied from 50 mg/ml to 65 mg/ml in IPA. A 25 mg/ml solution
of PCs1BM in 1:1 mixture of chlorobenzene and chloroform. The obtained solution was stirred at room
temperature for 30 min.

Device fabrication and characterization: ITO-coated glass substrates were cleaned by ultra-
sonication in deionized water, acetone and isopropyl alcohol for 10 min each. For glass/ITO devices, A
poly(3,4-ethylenedioxythiophene):polystyrene sulfonic acid (PEDOT:PSS) layer was deposited on
cleaned ITO substrates by spin-casting at 4000 rpm for 30s, followed by annealing at 140 °C for 10 min.
For glass/AgNW and flexible AGNW substrates, a PEDOT:PSS was spin-casted for 2000rpm for 40s
and annealed 140 °C for 15 min. A PH1000 layer was deposited on PEDOT:PSS layer by spin-casting
at 1500 rpm for 30s, followed by annealing at 140 °C for 10 min. On top of PEDOT:PSS layer or
PH1000, MAI precursor solutions were spin-cast at 3000 rpm for 30s and Pbl, were spin-coated at 5000
rpm for 30s. The films were dried on a hot-plate at 100 °C for 2 min in air atmosphere. After cooling
the substrates, solvent vapor annealing was treated using 40ul DMSO solvent for 2min at 100 °C. On
top of the perovskite layer, PCsi1BM was spin-cast at 1500 rpm. Subsequently, an Al electrode with a
thickness of 100 nm was deposited on the PCsiBM layer under vacuum (<10 Torr) by thermal
evaporation. The current density-voltage (J-V) characteristics of the solar cells were measured using a
Keithley 2635A Source Measure Unit. Solar cell performance was carried out under illumination by an

Air Mass 1.5 Global (AM 1.5 G) solar simulator with an irradiation intensity of 100 mW cm?.
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Arpertures (13.0 mm?) made of thin metal were attached to each cell before measurement for J-V
characteristics. External quantum efficiency (EQE) measurements were obtained with a PV
measurements QE system under ambient conditions, with monochromated light from a xenon arc lamp.

The monochromatic light intensity was calibrated with a Si photodiode and chopped at 100 Hz.
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4.3 Results and Discussion

Figure 4.1a shows the schematic of fabrication procedures for ultralight PSC with orthogonal AgNW
transparent electrodes deposited on ultrathin 1.3 pm-thick PEN foil. Firstly, we prepared
polydimethylsiloxane (PDMS) films, which are subsequently laminated to glass substrate. This
preparation step is followed by the lamination step of ultrathin 1.3 um-thick PEN foils to the PDMS
film in which thin PEN foils are physically attached to the surface of PDMS for easy handling during
the device fabrication. And, orthogonal AgNW electrodes were fabricated using capillary printing
technique via second-step process. Next, PH1000 and AI4083 layers are over-coated for a passivation
layer and hole transporting layers (HTLs) on orthogonal AgNW electrodes, respectively. The perovskite
active layers were deposited by a standard two-step method in regular succession.'¢! After the deposition
of top electrodes, as-fabricated the PSC device on ultrathin PEN foil are physically released and free-
standing. Here, orthogonal AgNW electrodes provide several advantages as high-performance flexible
transparent electrodes, such as uniform electrical current path, smooth surface morphologies, and
superior transmittance, which are significant merits for a device integration with AgNW electrodes.
Dark-field optical micrograph of orthogonal AgNW arrays shows highly oriented NW surface
morphology with the inset of fast furrier transform (FFT) image, which indicates crossed line patterns,
corresponding to its surface geometry (Figure 4.1b) In the contrary, random AgNW network showed
disordered surface structures with blurry circular patterns of FFT image (Figure 4.2). Optical
transmittance in the visible wavelength of 350 — 800 nm was measured for orthogonal and random
AgNW networks. We confirmed that orthogonal AgNW electrodes provide higher transmittance (92.3%
at 550 nm wavelength) than random AgNW electrodes with similar sheet resistance (90.8% at 550 nm
wavelength) due to lower percolation threshold (Figure 4.3).' Figure 4.1¢ shows ultrathin conductive
foil with orthogonal AgNW networks, indicating highly flexible and transparent appearance. Figure
4.1d displays a photograph of ultralight and flexible PSC with orthogonal AgNW electrode foils adhered
to a surface of a leaf, indicating adhesive capability due to very small thickness and lightness of the
device. Figure 4.1e shows the cross-sectional scanning electron microscopy (SEM) of our PSC with
orthogonal AgNW electrodes. We designed a p-i-n device structure for the fabrication of PSC devices,
that is polyethylene naphthalate (PEN)/orthogonal AgNW electrode/PH1000/poly(3,4-
ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS)/CH3NH;Pbl; (MAPbDIs)/phenyl-C61-
butyric acid methyl ester (PCBM)/Aluminum (Al). The energy bend diagram of our PSC devices have
been drawn as shown in Figure 4.4.

To investigate the mechanical properties of orthogonal AgNW electrode foils, the electrical resistance
of orthogonal AgNW electrode foils, attached to PDMS thin film, was monitored under various
mechanical deformations, such as bending, twisting, and crumpling. We conformed that the orthogonal

AgNW electrode foil sustains its electrical conductivity under repeated 1000 bending cycles at a
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bending radius of 2 mm (Figure 4.1f). Moreover, we observed that the electrical resistance of orthogonal
AgNW electrodes foils remains without significant variation for twisting angles (0°-900°) (Figure 4.1g).
In addition, our orthogonal AgNW electrode remains its electrical resistance with small variation below
10% under even crumpling deformation with 500 repeating cycles (Figure 4.1h). These outstanding
mechanical durabilities of orthogonal AgNW electrode foils could be attributed by uniform percolated

networks.'*®
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Figure 4.1. (a) Schematic illustrations of the fabrication procedure for ultrathin orthogonal AgNW
transparent electrodes produced on 1.3 um-thick PEN foil. (b) Dark-field optical microscope image of
the orthogonal AgNW arrays with corresponding fast Fourier transform (FFT) pattern of inset image.
The scale bar indicates 40 um. (¢) The ultrathin orthogonal AgNW transparent electrode foil, crumpled
by a person’s finger. (d) An ultrathin and lightweight PSC device mounted on a surface of the leaf. (e)
Cross-sectional SEM image of device structure for PSC with orthogonal AgNW array. The scale bar is
100 nm. (f-h) Mechanical properties of the orthogonal AgNW transparent electrode foils. Variation in
resistance of orthogonal AgNW electrode foil as a function of (f) bending cycles at a bending radius of
2 mm, (g) crumpling cycles, and (h) twisting angles. The inset images show corresponding deformation

(twisting, crumpling, and bending) of orthogonal AgN'W electrode foil, adhered to PDMS thin film.
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Figure 4.4. The energy band diagram for the PSC with orthogonal AgNW electrode.
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In this study, the formation of non-conducting metal-halide is crucial issue for the fabrication of
AgNW-based PSC devices, which induces significant loss in an electrical conductivity of AgNW
electrodes. To address this issue, recently, Lee et al. have reported that the presence of iodine ions in
perovskite active solution (Pbl, and CH3NH3PbI) cause the chemical reaction between AgNW and
iodine species with the formation of Agl, resulting in the diffusion and vanishing of Ag out of AgNW
through the defect sites of stacked layer. To address these issues, they have demonstrated flexible PSCs
with random AgNW network/aluminum doped zinc oxide (AZO) electrodes laminated with amorphous
AZO protection layer to avoid non-conducting a silver-halide formation.!'>* In this manner, we employed
the PH1000 layer as a passivation layer to minimize the formation of Agl in the fabrication of AgNW-
based PSC devices.!* Smooth surface morphologies of orthogonal AgNW electrodes laminated with
PH1000 layer can effectively prevent reacting between AgNW and iodine ions while protruding NWs
induced by an aggregation of random AgNW network cannot fully covered by PH1000 layers through
which iodine ions easily diffuse into AgNW, resulting in a decrease of electrical conductivity in overall
electrodes as shown in a schematic of Figure 4.5a. To certify smooth surface morphologies of
orthogonal AgNW electrodes, we observed the surface of PEDOT:PSS (Al 4083) layer deposited on
PH1000/orthogonal and random AgNW electrodes using scanning electron microscope (SEM),
respectively (Figures 4.5b,c). In SEM images, we conformed that the AI4083/PH1000 layer does not
efficiently cover whole area of random AgNW network because of aggregated AgNWs, which show
poor surface morphologies while orthogonal AgNW/PH1000 electrode provides uniform and smooth
surface morphology without uncovered NWs. To further investigate the smooth morphologies for
orthogonal AgNW electrodes, we measured the surface roughness of both PEDOT:PSS surface
deposited on orthogonal and random AgNW/PH1000 electrodes using atomic force microscope (AFM)
(Figure 4.5d,e). The surface of PEDOT:PSS with orthogonal AgNW electrodes showed much smoother
surface (root-mean-square (RMS) roughness, Rq = 1.47 nm) compared to that with random AgNW
electrodes (Rq = 4.8 nm), which are well corresponded with the surface morphologies observed by SEM
images.

To certify the capability of orthogonal AgNW electrode to prevent the Agl formation in the
fabrication of PSC device, we monitored the variation in the sheet resistance of orthogonal and random
AgNW/PH1000/AI4083 films during the device fabrication in which the deposition of perovskite films
was followed by solvent vapor annealing (SVA) process with dimethyl sulfoxide (DMSO) solution.
Here, it is widely known that DMSO vapor provide a wet environment condition so that MAI and Pbl,
precursor molecules and ions can diffuse a long distance, resulting in an increase of grain size from 200
nm to over 1 um as a function of SVA time for improving device efficiency (Figure 4.6).!* However,
the diffusion of iodine species into AgNW electrode during SVA can promote the Agl formation, leading

to further degradation in electrical conductivity. As a result, orthogonal AgNW electrodes maintain
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initial electrical resistance without significant loss of electrical conductivity during an entire fabrication
process while random AgNW networks show severe damage in an electrical resistance with a rapid
increase of the sheet resistance (Figure 4.5f). Note that thicker PH1000 layer does not guarantee high
device performance, which results in a decrease of charge collection efficiency and series resistance,
although they fully cover the protruding NWs of random AgNW network.'®* These topological results
indicate that orthogonal AgNW/PH1000 electrodes can effectively prevent the formation of Agl than
random AgNW electrodes. To further validate the capability of orthogonal AgNW electrode to prevent
the Agl formation for the fabrication of PSCs, we measured X-ray photoelectron spectroscopy (XPS)
depth profile analysis in which orthogonal AgNW/HTL/perovskite and random AgNW/HTL/perovskite
films were prepared for comparison, respectively. Binding energy of Ag ion for both samples were
measured using X-ray photoelectron spectroscopy (XPS) after aging process for 10 days in controlled
atmosphere (N»-filled globe box at room temperature) (Figures 4.5g,h). Random AgNW electrode
sample was obtained Ag" and Ag metal peaks at 367.9 eV and 368.2 eV which indicate the presence of
Ag" ion was founded in the top regime of the cell stack by reacting with iodine of perovskite layer,
whereas in the case of the orthogonal AgNW electrode showed only Ag metal peak at 368.2 eV after
250 sec etching times past, implying that orthogonal AgNW system effectively prevents the perovskite

photoactive layer from contacting AgNW electrode.'®
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Figure 4.5. (a) A schematic illustration of silver-halide formation in PSCs fabricated on random and
orthogonal AgNW electrodes. (b,c) Tilted SEM images of the surface of PEDOT:PSS coated on (b)
PH1000/orthogonal AgNW electrode and (c) PH1000/random AgNW electrode, respectively. (d,e)
AFM images of the surface of PEDOT:PSS coated on (d) PH1000/orthogonal AgNW electrode and (e)
PH1000/random AgNW electrode, respectively. (f) The variation in the resistance of both the random
and orthogonal AgNW electrodes as a function of the SVA time. (g,h) The distribution of the Ag
originated from XPS-depth profiles of PSCs with (g) orthogonal AgNW and (h) random AgNW

electrodes, respectively.
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To investigate the effect of the orthogonal AgN'W electrode on a device performance in AgNW-based
PSCs, the current density-voltage (J-V) characteristics for PSC devices with ITO, orthogonal and
random AgNW electrodes were measured under the AM 1.5G 100 mW cm? illumination for a
comparison (Figure 4.7a). The PSC with ITO electrode exhibits a short-circuit current density (Jsc) of
20.09 mA cm?, open circuit voltage (Voc) of 1.00 V, fill factor (FF) of 0.79% and overall power
conversion efficiencies (PCEs) of 16.25% which is suitable value for control p-i-n structure
perovskite.'® Note that the PSC with orthogonal AgNW electrode achieved outstanding PCEs of 15.19%
with a Jsc of 18.04 mA cm™, Voc of 1.05 V, and FF of 80% while that with random AgNW electrode
relatively yielded lower PCEs of 10.30% with a Jsc of 16.04 mA cm™, Voc of 0.98 V, and FF of 65%
(Table 4.1). This result could be attributed to uniform and homogenous perovskite photoactive layer on
the flat hole transport layer which can increase charge collection efficiency and reduce the
recombination by smooth surface of orthogonal AgNW electrodes without an influence of the Agl
formation. In the forward scan direction, in addition, the PSC with orthogonal AgNW electrode was
achieved PCE of 14.80% with a Jsc of 17.87 mA cm™, a Voc of 1.05 V and a FF of 79%, indicating that
our PSC devices show reliable device performance with negligible photocurrent hysteresis (Figure
4.8).1% Figure 4.7b shows an external quantum efficiency (EQE). The PSC devices with ITO,
orthogonal and random AgNW electrodes show broad spectral response in the range of 300-780 nm and
calculated current density is 19.79 mA cm?, 16.49 mA cm?, and 15.69 mA cm™ respectively. The
integrated photocurrent of both devices shows only 10% mismatch with obtained value from J-V curve
which implies well agreement and substantiates the observed Jsc. To characterize the stability of PSCs
with orthogonal AgNW electrode, the device performance was continuously monitored with aging time
for 500 hours in the N»-filled globe box. The PSC with orthogonal AgNW electrode showed an
improvement in long-term stability compared to the PSC with random AgNW electrode as shown in
Figure 4.7c. For PSC devices with orthogonal AgNW electrode, 85% of the initial PCE was retained
after 500 hours while PSC devices with random AgNW electrode rapidly decreased less than 50% after
500 hours. This improved stability of device with orthogonal AgNW electrode could be attributed to
preventing the reaction Ag” with I" ions due to the smooth surface, which shows good agreement with
XPS depth profile. Figure 4.7d presents the statistical analyses of device performance obtained from
PSCs with ITO, orthogonal and random AgNW electrodes, respectively. Both devices with ITO and
orthogonal AgNW electrodes showed high reproducibility with small variation in device efficiency,

whereas PSCs with random AgNW electrodes have large variation in device performance.
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Table 4.1. (a) J-V characteristics of PSC devices with ITO, orthogonal AgNW,

AgNW electrodes fabricated on glass substrates.

and random

Electrode Jee(mAcm™@) Voc(V) FF PCE(%) Cal. J
ITO 20.09 1.00 0.79 16.25 19.79
Orthogonal
AgNW 18.63 1.06 0.77 15.18 17.51
Random AgNW 16.04 0.98 0.65 10.30 16.49
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To realize ultrathin and lightness, we fabricated flexible PSCs with orthogonal AgNW electrodes on
ultrathin 1.3 pm thick PEN foils and 120 pm-thick PEN films. Figure 4.9a shows the J-V characteristics
of ultrathin PSCs with orthogonal AgNW electrodes with different-thick PEN substrates for comparison.
The device efficiencies of 13.05% and 12.85% were achieved for flexible PSC and ultrathin PSC
devices with orthogonal AgNW electrodes, respectively (Table 4.2), which constitutes the highest PCE
reported so far in flexible PSC with AgNW electrodes. 33 167171

To evaluate the mechanical stability for flexible PSC with orthogonal AgNW electrode, the variation
of device performance of flexible PSCs was measured under 1000 bending cycles at 5 mm of bending
radius (Figure 4.10). The device performance for flexible PSC remains 80% of the initial PCE over
1000 bending cycles without significant degradation of PCE value.

One of important advantages in our PSC devices is adhesive capability, enabling to be mounted on
arbitrary objects due to small thickness and lightness of the device, which means that our device can be
utilized for wearable power source in specific potential applications including military robots and
wearable electronics. For a proof-of-concept demonstration, we mounted the devices on miniaturized
toy robot and connected the electrode using copper wires to measure the device performance under the
illumination of the sun as shown in Figure 4.9b. We confirmed that the V. of 0.84 was obtained for
PSC device attached to the toy robot, indicating it can generate 7.8 mW power connecting to 91 Q load
on a sunny day (Figure 4.11).

Another advantage of our devices is as light as our device floats onto even the surface of bubbles
without a burst, which can be strong benefits in terms of power-per-weight in the field of aerospace
electronics or miniaturized blimp (Figure 4.9c). We calculated the power-per-weight of our devices
whose weight of 0.74mg was measured using electronic scale (Figure 4.12). It is noteworthy that
conformal PSC foils exhibited an excellent power-per-weight of 34.4 W g! while flexible PSCs showed
a power-per-weight of 0.07 W g”!, which records the highest value reported in various lightweight solar
cells (Figure 4.9d).!40 143-145

Table 4.2. (a) J-V characteristics of flexible PSC and ultralight PSC fabricated on thin-PEN film
and 1.3 um-thick PEN foil with orthogonal AgNW arrays, respectively.

Electrode Jec(mAcm™) Voc(V) FF PCE(%)
Flexible substrate 17.99 1.00 0.72 13.05
Ultrathin foil 18.88 0.95 0.69 12.85
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Figure 4.9. (a) J-V characteristic of flexible PSC and ultralight PSC with orthogonal AgNW foil
electrode. (b) Ultralight PSC adhered to a toy robot in which two copper wires are connected to anode
and cathode of PSC, respectively. (c¢) Ultralight PSC suspended in bubbles. (d) The power-per-weight
performance of ultralight PSC compared to other types of light solar cells.
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Figure 4.11. A photograph of ultralight PSC device attached to a miniaturized toy robot to demonstrate
wearable feature. Such ultralight PSC device was connected with two copper wires and 91€Q2 load, which

produced 7.8 mW with an open circuit voltage of 0.84V on a sunny spring.

Figure 4.12. A photograph of ultralight PSC device put on an electric scale, indicating extremely light
weight.
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4.4 Conclusions

In conclusion, we demonstrate ultrathin, lightweight and flexible PSC devices with orthogonal
AgNW electrodes foils. Orthogonal AgNW electrodes provide a smooth surface morphology as well as
outstanding electrical and optical properties to effectively prevent non-conducting silver-halide
formation, resulting in an improved device efficiency than that with random AgNW electrodes. The
PCE value of 13.05% for flexible PSC with orthogonal AgNW electrodes was achieved, which is the
highest device efficiency reported to date in AgNW-based flexible PSC devices. Furthermore, we
present ultrathin and lightweight PSC device with orthogonal AgNW electrode on 1.3 pm polymer foils

with the weight of 0.7 mg, achieving the PCE of 12.85% with excellent power-per-weight of 34.4 Wg
1
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Chapter 5. Large-area and uniform transparent electrodes with cross-

aligned AgN'W network for flexible touch screen applications.

5.1 Introduction

Flexible and transparent conductive electrodes (TCES) have attracted great attention in a variety of
flexible optoelectronic devices, such as touch screen panels, organic solar cells, and organic light
emitting diodes.'’?> 1 High mechanical flexibility, optical transparency, and electrical conductivity are
the critical properties that TCEs should possess for the realization of high-performance flexible
optoelectronics. In addition, the development of scalable and cost-effective fabrication of large-area
and uniform TCEs still remains a great challenge. In accordance with these demands, TCEs based on
metallic nanowires (NWs) have attracted considerable attention as an essential component for a variety
of next-generation optoelectronic applications due to their excellent conductivity, transmittance, and
flexibility.> ¥ Various solution-based processes, such as spin-coating,%® ° spray-coating,'’> 7
vacuum filtration,'*® and bar-coating®” have been widely used for fabricating NW TCEs. In such
conventional solution-making processes, NWs are assembled into random networks; this generates
several drawbacks for optoelectronic applications, such as nonuniform networks, NW-NW junction
resistance, entanglement between NWs, and surface roughness.}’”'8 Manipulating percolating
conductive networks to overcome the trade-off between electrical conductivity and optical
transmittance has been a key hurdle for random NW network.'8! To address these issues, aligned NW
networks have been proposed. While the alignment of various types of NWs has been carried out
through various solution processes, such as Langmuir-Blodgett,” nanocombing,”® contact printing,®
capillary force,”! and flow-enabled self-assembly,'®? these methods still have drawbacks such as the
requirement of additional processes (substrate pre-patterning, post-transfer, pre-growing NWSs), a slow
evaporation rate, a slow coating speed, and incompatibility with large-scale development. To the best
of our knowledge, a large-scale and high-throughput assembly of aligned NW networks with high
uniformity has not yet been reported.

Here, we report a simple, fast, and large-scale NW assembly strategy for the fabrication of flexible
TCEs based on cross-aligned silver nanowire (AgNW) networks. To achieve this, we adopt and modify
a conventional bar-coating, or Meyer rod coating technique, that has been used extensively in large-
scale solution-based coating applications. Numerous research groups have previously proposed various
techniques for aligning AgNWs, 82187 but they had limitations in terms of scalability, controllability of
NW density, degree of NW alignment, and large-scale uniformity needed for practical optoelectronic
applications. Our NW alignment technique, however, can address all these limitations and enables

flexible TCEs to be produced with remarkable figures-of-merits (FoMs). As a proof of concept, we
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fabricate the large-area (20 x 20 cm?), flexible, and transparent touch screen based on cross-aligned
AgNW TCE:s as the top and bottom transparent electrodes. In addition, force-sensitive response can be
added to touch screens by integrating mechanochromic spiropyran-polydimethylsiloxane (SP-PDMS)
composite film into the devices. Unlike conventional touch screens which can only perceive the location
of writing, our touch screens enable the monitoring of handwriting patterns with locally different

writing forces.
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5.2 Experimental Details

Preparation of surface-modified substrates. Before surface modifications, all of the substrates
were thoroughly cleaned by sonication for 10 min in the order of deionized (D.I.) water, acetone, and
isopropyl alcohol (IPA). For generating —OH-terminated surfaces, cleaned substrates were treated with
O; plasma for 10 min with a RF power of 18 W. Surface modification with —-NH> group was prepared
by spin-coating a 0.1% poly-L-lysine (PLL) solution in H,O at 4,000 rpm for 60 s onto an O, plasma-
treated substrate. The surface terminated with —CHs; group was prepared by spin-coating
hexamethyldisilazane (HMDS) at 4,000 rpm for 60 s.

Fabrication of large-area aligned AgNW arrays by bar-coating assembly. First, a Meyer rod (RD
Specialties, Inc.) was mounted onto a bar coater, in which the coating speed and temperature can be
precisely controlled. The target substrate was fixed onto the bar coater by using 3M scotch tapes on
both edges. The thickness of scotch tape was used as a spacer between the Meyer rod and the substrate
during the bar-coating assembly. AgNW ink (Nanopyxis Corporation) containing 0.15 wt.% AgNWs
with an average length of 20 um and diameter of 35 nm was injected into the empty space between the
Meyer rod and the substrate, which resulted in the formation of meniscus by a capillary force.
Subsequently, the meniscus dragging due to the moving of the Meyer rod at a constant speed resulted
in the formation of highly uniform and aligned AgNW arrays along the coating direction. In order to
fabricate cross-aligned AgNW arrays, right after complete drying of solvent, an additional bar-coating
assembly was carried out on the aligned AgNW substrate in a direction that was perpendicular to that
of the pre-aligned AgNWs. In the second bar-coating process, it is not necessary to repeat the chemical
surface treatment by PLL on the first aligned AgNW substrate because AgNWs can be attached at the
empty surface area between AgNWs. All of the fabricated AgNW TCEs were used in characterizations
and applications without any post-treatments to increase the conductivity.

Fabrication of flexible and transparent touch screen. The transparent touch screen was operated
by connecting a 4-wire resistive touch screen controller (ER-DBTP-USB04W-1, Eastrising Technology
Co Ltd.) to a laptop computer. For the fabrication of the transparent touch screen based on a four-wire
resistive-type touch sensor, cross-aligned AgNW TCEs were used as the top and bottom transparent
electrodes of resistive touch sensor without any protective layers or dot spacers. The cross-aligned
AgNW networks were fabricated by a bar-coating assembly on a 20 x 20 cm? PET substrate. In this bar-
coating assembly, a #6 rod was used to align AgNWs at a coating speed of 10 mm s at room
temperature. Then, two cross-aligned AgNW TCEs were assembled with AgNW-coated sides facing
each other. Here, the top and bottom TCEs were separated by an air gap (thickness of ~1 mm) that had
been developed by attaching 3M scotch tapes around the substrate edges. Finally, the prepared touch

screen was connected to a laptop computer through a four-wire resistive controller board.
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Synthesis of active spiropyran mechanophore. 1’-(2-hydroxyethyl)-3,3’-dimethyl-

spiro[chromene-2,2’-indolin]-8-ol 1) and 3,3’-dimethyl-1’-(2-(pent-4-
enoyloxy)ethyl)spiro[chromene-2,2’-indolin]-8-yl-pent-4-enoate (SP-2-H-bisPentenoate) (2).
(0]
}W
o)
4-Pentenoic anhydride
> O 04 )
DMAP, CH,Cl N = =
A \_\ 4<_/,
)
O
1 2

In this study, SP-2-H-bisPentenoate was used as an active spiropyran mechanophore. For the synthesis
of the SP-2-H-bisPentenoate, in a flame dried round bottom flask, dried under N, 1’-(2-hydroxyethyl)-
3,3’-dimethyl-spiro[chromene-2,2’-indolin]-8-01 (12.7 g, 39.3 mmols, 1.0 equiv) and 4-
dimethylaminopyridine (DMAP) (0.48 g, 3.93 mmols, 0.1 equiv) were added in 200 ml anhydrous
CH,Cl,. Suspension was stirred at ambient for 10 min and 4-pentenoic anhydride (15 g, 82.5 mmols,
2.1 equiv) were added in 3 aliquots, 20 min apart. After the addition of first aliquot, solution became
homogeneous, honey colored and a mild exotherm was detected. Stirring was continued for 1.5 h after
last aliquot. Product solution was extracted with satd. NaHCO3 (3x, 100 ml each), 1 M HCI (100 ml),
D.I. water (2x, 100 ml each), dried over Na>,SO, and solvent removed to obtain 19 g (99 %) of pale
honey colored oil.

The NMR spectra (*H and *C) were obtained on 600 MHz Bruker NMR Spectrometer (B600).
Chemical shifts were recorded as parts per million (ppm) referenced to the residual 'H or '*C peak at
5.32 ppm in CD,Cl, or 53.84 in CD,Cl,, respectively. '"H multiplicity was reported as: s (singlet), d
(doublet), dd (doublet of doublets), dt (doublet of triplets), ddd (doublet of doublet of doublets), ddt
(doublet of doublet of triplets), t (triplet), td (triplet of doublets), q (quartet), mp (multiplet), and b
(broad). Coupling constants (J) were reported in Hertz. High-resolution mass spectrometry was
performed on an Agilent LCMS-TOF-DART at Duke University’s Mass Spectrometry Facility.

"HNMR (600 MHz, CD,Cl,) 8 7.15-7.11 (dt, J = 7.6, 1.2 Hz, 1H), 7.09-7.05 (dd, J = 7.2, 0.9 Hz, 1H),
7.01-6.98 (dd, J = 7.5, 1.5 Hz, 1H), 6.94-6.91 (d, J = 10 Hz, 1H), 6.90-6.86 (dd, J = 7.9, 1.5 Hz, 1H),
6.85-6.75 (m, 2H), 6.65-6.62 (d, J = 7.6 Hz, 1H), 5.85-5.77 (m, 2H), 5.64-5.54 (m, 1H), 5.06-5.00 (qd,
J=16.9, 1.5 Hz, 1H), 4.99-4.95 (br qd, ] = 10.2 Hz, 1H), 4.92-4.89 (br qd, J = 7.4 Hz, 1H), 4.89-4.87
(t,J=1.5 Hz, 1H), 4.22-4.13 (m, 2H), 3.40-3.33 (m, 1H), 3.33-3.26 (m, 1H), 2.40-2.28 (m, 4H), 2.22-
2.09 (m, 2H), 1.90-1.79 (m, 2H), 1.26 (s, 3H), 1.16 (s, 3H).

BCNMR (150.9 MHz, CD,Cl,) & 173.05, 171.28, 147.45, 145.36, 138.23, 137.27, 137.23, 136.78,
129.63, 127.78, 124.48, 123.05, 121.79, 120.35, 119.98, 119.79, 119.76, 115.48, 115.08, 107.04, 105.45,
63.01, 51.97,42.74, 32.73, 33.35, 29.10, 28.85, 25.93, 19.52.
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HRMS-ESI (m/z): [M + H]" calcd for C30H33NOs, 488.2431; found, 488.2433.

Fabrication of force-sensitive mechanochromic touch screen. For the fabrication of
mechanochromic composite films on top of the touch screen, spiropyran mechanophore was completely
mixed with a PDMS base (Sylgard 184, Dow Corning) and PDMS curing agent (10:1 ratio for base to
curing agent). The SP-PDMS composite was stored in a vacuum desiccator for 30 min to remove the
bubbles. Then, the mechanochromic composite film was evenly deposited on top of the transparent
touch screen by a bar-coating of the SP-PDMS composite solution using the #15 rod at a coating speed
of 10 mm s! and thermal-curing at 60 °C for 6 h.

Characterizations. The chemical bonding and functional groups were investigated by the X-ray
photoelectron spectrometry (XPS, K-alpha, Thermo Fisher, Waltham, MA, USA). The sheet resistances
of the cross-aligned and random AgNW networks were measured using a four-point probe measurement
device (Kiethley 2400 equipment). Optical transmittance and absorption spectra of unidirectional,
cross-aligned, and random AgNW networks were measured by a UV-vis-NIR spectrophotometer (Jasco
V-670). For the measurement of polarized absorption, a polarizer accessory (WP25M-UB, Thorlabs,
Inc.) was equipped to the UV-vis-NIR spectrophotometer. The surface alignment structure of AgNW
arrays was examined by an optical microscope (PSM-1000, Olympus). The mechanochromic colors

were investigated by a spectroradiometer (PR-655, Photo Research, Inc.).
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5.3 Results and Discussion

A Meyer rod is composed of a metal bar wrapped in wires, where the diameter of the wrapped wires
determines the slit width (51381 um) and the amount of solution required to achieve the desired density
of AgNWs (Figure 5.1). In this study, the alignment of AgNWs by bar-coating assembly is carried out
by dragging a Meyer rod at a constant velocity and predefined rod-substrate gap distance over an AgNW
solution on a surface-modified target substrate. Figure 5.2a shows a photograph of the bar-coating
assembly process on a large polyethylene terephthalate (PET) substrate (20 x 20 cm?). We pretreat the
PET target substrate with poly-L-lysine (PLL) to enhance the AgNW adhesion to the substrate via an
electrostatic force from amine-functional groups. By placing the AgNW solution into an empty space
between the gap of the moving rod and the target substrate, thin uniform layer of AgNW solution film
can be produced due to the confinement between the dense grooves of the Meyer rod and the target
substrate. Dragging the trapped AgNW solution results in shear-induced hydrodynamic force on the
trapped liquid film, which enables the alignment of AgNWs.

In the one-step bar-coating assembly, the interaction between shear-induced hydrodynamic and
electrostatic forces enables the fabrication of highly aligned AgNW arrays (Figure 5.2b and 5.3). Unlike
typical convective assembly processes, where NWs are aligned in an evaporation regime at a
particularly slow coating speed (10-100 um s™), the alignment of AgNW in the bar-coating assembly is
dominated by the Landau-Levich regime which has a fast meniscus dragging speed (> 1 mm s™!), where

the viscous forces caused by shearing of the meniscus are predominant.'®® During the alignment process,

4mtula
In(2a/b)—-0.72

of the fluid (~9.12 x 107 Pa s, at 298.15 K for AgNW ink dispersed in ethanol), U is the velocity of

the hydrodynamic force can be calculated'®® as F = =3.26 nN, where u is the viscosity

capillary flow at the bottom of the moving bar (which is close to the moving speed of the bar, which is
10 mm s™), and @ and b are the length (~20 pm) and radius (~17.5 nm) of the NWs, respectively. This
estimated drag force is comparable to the force ranges to align AgNWs by capillary forces and carbon
nanotubes by hydrodynamic forces.!'?

The AgNWs can be aligned during bar-coating assembly regardless of the solvent used, as long as
the AgNW ink is viscous enough for generating the hydrodynamic force (Figure 5.4). The
hydrodynamic drag force of the AgNW ink is estimated for various solvents, such as isopropyl alcohol
(IPA) (u=9.37 x 10 Pa s) and water (u = 9.52 x 107 Pa s), and the corresponding hydrodynamic force
for the IPA and water are 3.35 nN and 3.4 nN, respectively.

The surface chemistry of the target substrate is a critical factor affecting the alignment of AgNWs
capped with slightly negatively charged polyvinylpyrrolidone (PVP), which acts as a capping layer.""
192 To investigate this effect, the target silicon (Si) substrates are pretreated with different functional
groups, including amine (-NH,), methyl (-CH3), and hydroxyl groups (-OH) (Figure 5.5). The amine
group (-NH)-terminated PLL treatment provides the best aligned AgNW arrays because of the strong
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electrostatic interaction between the negatively charged PVP-capped AgNWs and the positively charged
active amine groups of the PLL, which enhances the anchoring of the AgNWs onto the surface during
the alignment process. To confirm the interaction between the AgNWs and the pretreated surfaces, X-
ray photoelectron spectroscopy (XPS) is performed for AgNW-coated PLL/Si substrates and PLL/Si
substrates (Figure 5.6). The high-resolution N 1s spectra of the pristine AgNW is composed of two fitted
peaks at 400.1 and 399.5 eV, which can be attributed to pyrrolic N and N-C due to the N atom of the
PVP on the AgNW surface.'”> The N 1s spectra of the pristine PLL shows two deconvoluted peaks, with
one arising from protonated amine (-NHs") at 401.3 eV and the other from N-C at 399.3 eV.!** After the
deposition of the AgNW on the PLL-treated substrate, the high-resolution N 1s spectrum shows two
fitted peaks at 400.2 and 399.3 eV, as is the case of pristine AGNW; however, the peak at 400.2 eV has
broadened, which we believe is due to the involvement of pyrrolic N from PVP and -NH;" from PLL.
The large downward shift of the binding energy (~ 1.1 eV) in the -NH3" peak of PLL is attributed to
the charge transfer from the negatively charged PVP to the positively charged protonated amine groups
in the PLL, which confirms the strong ionic interaction between the PLL and the AgNW (Figure 5.6a).!%

In contrast to PLL-modified surface, the surfaces modified using hexamethyldisilazane (HMDS) to
produce the methyl group (-CH3) and the surface modified by oxygen (O») plasma treatment to give the
hydroxyl group (-OH) lead to a low density and poor alignment of the AgNWs (Figure 5.5b,c), which
we attribute to the weak molecular interaction between the AgNWs and the methyl and hydroxyl groups,
as shown by the XPS analysis. The XPS analysis of the high-resolution N 1s and C 1s spectra of the
HMDS-treated and O plasma-treated surfaces do not show any significant changes in the peak positions
before and after the AgNW alignments (Figure 5.6a,b). Note that the high-resolution Ag spectra of none
of the samples show any significant differences in the peak positions (Ag 3ds» and Ag 3ds,» peaks at
374.3 and 368.3 eV in pristine AgNW), which suggests that Ag surface is intact to any kind of
oxidation'”® and ionic interactions exist between the different functional groups (-NH,, -CHs, and ~OH)
and PVP rather than with the AgNW (Figure 5.6¢).

Figure 5.2¢ shows a dark-field optical micrograph of a unidirectionally aligned AgNW array. The fast
Fourier transform (FFT) image of the optical micrograph in the inset of the figure exhibits a clear line
pattern, which indicates that the AgNW array has a highly aligned unidirectional structure. The
advantage of our bar-coating assembly is that it allows for a multilayer AgNW arrays with precisely
controllable interlayer orientations to be produced; this leads to cross-aligned AgNW arrays with user-
defined internanowire angles (Figure 5.3). When a second bar-coating process is performed in a
perpendicular direction on top of the pre-aligned AgNW array, cross-aligned AgNW arrays are observed
in the FFT image with a clear crossed-line pattern (Figure 5.2d), which indicates a 90° orientation
between the first and second AgNW arrays. These cross-aligned AgNW networks, in contrast to the

random AgN'W networks, have several advantages for the fabrication of high-performance transparent
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electrodes, including highly uniform conductive networks, a lower percolation threshold, and excellent
transparency at similar surface resistivity.!'”’?

To quantitatively investigate the degree of alignment, radial summations of the pixel intensities of
the FFT analysis are plotted as a function of the radial angle (0-360°) (Figure 5.7). The unidirectional
AgNW array shows a clear and strong peak at 90°, which indicates a vertical alignment. The cross-
aligned AgNW arrays show clear peaks at 0°, 90°, and 180° which indicate that the two aligned AgNW
layers cross over at 90°. However, the random AgNW network does not provide any noticeable peaks,
which is due to the lack of any particular orientation of the AgNWs, as indicated by the isotropic pattern
of the FFT image in Figure 5.8. The AgNW alignment is also directly analyzed by measuring the
distribution of the degree of alignment of 150 NWs from an aligned AgNW array in Figure 5.2¢, which
results in a full width at half maximum (FWHM) value of 21.4 (Figure 5.2¢), confirming that most of
the AgNWs are highly aligned along the direction of the coating.

One of the advantages of bar-coating assembly of the aligned AgN'W networks is its scalability, as it
can be used to produce films with large areas. Our bar-coating assembly can readily create uniformly
aligned AgNW arrays on PET substrates over a 20 x 20 cm? area. The uniformity of the alignment over
such an area is evaluated through an analysis of the distribution of FWHM values of aligned AgNW
arrays in 16 local regions in a 20 x 20 cm? area (Figure 5.9). The FWHM values of AgNW arrays in all
16 local regions confirm the high uniformity and the scalability of the bar-coating assembly process
(Figure 5.2f). Although the sample size is limited by the size of the equipment used in this study, we
anticipate that the size of the aligned AgNW films can be further scaled up by using a longer Meyer rod

or a roll-to-roll bar-coating process.
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Figure 5.1. (a) Photographs of various kinds of Meyer rods (#2, #3, #6, #10, and #15) and (b)

(c)

corresponding optical microscope images. The scale bar is 200 um. (¢) Schematic illustration of the
specifications of various Meyer rods. The rod number determines the diameter of wrapped wires and

the open area.
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Figure 5.2. Large-scale bar-coating alignment of unidirectional and cross-aligned AgNW arrays. (a) A
photograph of the solution-processed bar-coating alignment of the AgNWs on a 20 x 20 ¢cm? PET
substrate and (b) a schematic showing the alignment process of AgNWs during the bar-coating assembly
of the AgNW solution. The combined interaction between shear stress alignment and the electrostatic
pinning produced highly aligned and uniform AgNW arrays during the dragging of a confined meniscus
between the rod and substrate. (c) Dark-field optical microscope images of the unidirectionally aligned
and (d) cross-aligned AgNW arrays. Insets are the fast Fourier transform (FFT) analyses of the optical
micrographs indicating the direction and uniformity of the aligned AgNW structures. The scale bars are
40 pm. (e) Distribution of the alignment degrees of 150 NWs in Fig. 5.2¢ with a full width at half
maximum (FWHM) value of 21.4. (f) Mapping image showing the highly uniform distribution of
FWHM values of each pixel in a 4 x 4 array over a large-area (20 x 20 cm?) of aligned AgNWs. The
FWHM values were calculated by fitting the radial summation of the pixel intensities of the FFT

analysis.
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Figure 5.3. Schematic of an overall procedure for the solution-processed bar-coating assembly to
fabricate unidirectionally and cross-aligned AgNW arrays. Before the bar-coating assembly, poly-L-
lysine (PLL) solution is coated on O plasma-treated target substrate to form amine groups on the
surface. Consecutively, the meniscus dragging produces highly aligned AgNW arrays. The cross-
aligned AgNW array is formed by repeating the bar-coating assembly in a perpendicular direction to
that of the pre-aligned AgNW arrays.

Figure 5.4. Dark-field optical micrographs of the unidirectionally aligned AgNWs coated with AgNW
ink dispersed in different kinds of solvents; (a) isopropyl alcohol (IPA), (b) water, and (c¢) ethanol.
During the bar-coating assembly, #2 bar, 3 ul of volume, and 10 mm s™' of coating speed were used in

all experiments. The scale bar is 40 um.
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Figure 5.5. Dark-field optical micrographs of the aligned AgNW networks coated on substrates
modified with different types of functional groups; (a) PLL (-NH>), (b) hexamethyldisilazane (HMDS)

(-CH3), and (c) O; plasma (-OH). During the bar-coating assembly, #2 bar, 3 pl of volume, and 10 mm

s of coating speed were used in all experiments. The scale bar is 40 pm.
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Figure 5.6. X-ray photoelectron spectroscopy (XPS) survey to investigate the interactions between

AgNWs and the substrate surface pretreated with different functional groups with PLL, HMDS, and O»
plasma. (a) High resolution N 1s spectra of the pristine AGNW, PLL, PLL/AgNW, HMDS/AgNW, and
O, plasma/AgNW. (b) High resolution C 1s spectra of the pristine AgNW, HMDS/AgNW, and O,
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plasma/AgNW. (c) High resolution Ag 3d spectra of the pristine AGNW, PLL/AgNW, HMDS/AgNW,
and O, plasma/AgNW.
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Figure 5.7. The radial summations of the pixel intensities of the fast Fourier transform (FFT) analysis
data as a function of radial angle (0-180°) of the unidirectional AgNW array, cross-aligned AgNW
arrays, and random AgNW network. Contrary to aligned and cross-aligned AgNWs networks which
show clear Gaussian peaks, random AgNW network shows uncertain spectra of radial summations due

to the lack of directionality.

Figure 5.8. Dark-field optical micrograph of the random AgNW networks fabricated by conventional

bar-coating process. Inset shows the corresponding FFT analysis data. The scale bar is 40 um.
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Figure 5.9. Large-area (20 x 20 cm?) alignment of the AgNWs by bar-coating assembly. 16 dark-field
optical micrographs of the aligned large-area AgNW arrays in a large-area PET film and the
corresponding FFT analysis images in the insets. For the bar-coating assembly, #2 bar, 100 pl of volume,
and 10 mm s™! of coating speed were used in the experiment. The FWHM values of 16 AgNW arrays
confirm the high uniformity and the scalability of the bar-coating assembly process as shown in Figure

5.2f. The scale bar is 40 pm.
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To further understand the mechanism behind the NW alignment, a number of parameters, including
the amount of AgNW dispersion between the rod and substrate, the coating speed, and the substrate
temperature, are investigated to monitor the alignment degree. We observed that the degree of alignment
increases as the amount of AgN'W dispersion, coating speed, and substrate temperature decrease (Figure
5.10a-c and Figure 5.11). As can be seen in Figure 5.10a, the FWHM value increases with the amount
of AgNW dispersion, indicating that the degree of alignment of the NWs decreases. This behavior can
be attributed to the increased meniscus thickness and contact area between the bar and the substrate,
which increases the likelihood of misalignment of the AgN'Ws located far from the dragging bar (Figure
5.12). During the meniscus dragging, the shear force gradient is generated as a function of the height of
the meniscus in a Couette flow.!*® 1° Therefore, the AgNWs located far from the dragging bar have a
high probability of misalignment due to a reduced shear force (Figure 5.13).2 This relationship
between the NW alignment and the meniscus thickness (or the shear force gradient) is also confirmed
through the direct control of the gap distance between the Meyer rod and the substrate. Figure 5.14
shows that the degree of NW alignment decreases as the gap between the Meyer rod and the substrate
increases, which indicates that the AgNWs located far from the dragging bar are likely to be misaligned
due to the decreased shear force.

A decrease in the coating speed results in a decrease in the FWHM value, which indicates that the
degree of NW alignment increases (Figure 5.10b). In our alignment system, the coating speed affects
the shear force and the thickness of the confined meniscus film. The lowest coating speed used in our
bar-coating assembly (= 10 mm s™) is well above the minimum coating speed (= 1 mm s) required for
a shear-stress-induced alignment of the AgNWs, which is still significantly faster than that of

conventional evaporation-induced assembly (= 10-100 um s).2!

The lower coating speed decreases
the thickness of the wet meniscus film,?*> which enhances the shear-induced hydrodynamic dragging
force used to align the AgNWs. A higher coating speed, however, leads to a thicker meniscus film and
hinders the formation of a uniform meniscus during the coating process. The degree of NW alignment
is also affected by the substrate temperature. As the substrate temperature increases, the FWHM value
increases (and the degree of NW alignment decreases) (Figure 5.10c). The reduced alignment of the
AgNWs is attributed to decreased viscosity resulting from the increase in the substrate temperature,*
which in turn results in a decreased shear force.

Our bar-coating process for NW alignment is different from conventional evaporation-induced
assembly processes. In an evaporation-induced assembly process, NWs are aligned at the meniscus
contact line due to the surface tension of the moving meniscus line during solvent evaporation;2*
however, the surface tension of the moving meniscus line has minimal effects on NW alignment in our

process. Before the solvent completely evaporates (which takes 0-7 s), most of the AgNWs are aligned

by the shear-induced hydrodynamic force. After complete drying of the solvent (7-9 s), the aligned
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AgNWs show negligible movement, which confirms the minimal effect of the surface tension of
meniscus line on the prealigned NWs.

Highly aligned AgNW arrays produced by the bar-coating assembly exhibit the anisotropic optical
properties. We investigate the polarized absorption spectra of the aligned AgNW arrays as a function of
the polarization angle, 6, from 0 to 90°, where 6 is the angle between the polarization direction of
incident light and the alignment direction of the AgNW arrays (Figure 5.10d). Note that the absorption
peak at 365 nm increases with 6, which is attributed to the greater effect of the transverse surface
plasmon resonances of the AgNWs; meanwhile, the absorption peak at longer wavelength (> 500 nm)
decreases, which is attributed to the longitudinal surface plasmon resonances of the AgNWs having less
of an effect (Figure 5.10¢).#” Random AgNW networks without any anisotropic optical properties,
however, do not show any noticeable change in their absorption peaks as the polarization angle increases
(Figure 5.15). The strong anisotropic optical properties of the highly aligned AgNW array exhibit an
optical dichroic characteristic; Figure 5.10f shows that the aligned AgNW arrays inside the “UNIST”
letters become invisible or visible when the polarized light is parallel (6 = 0°) or perpendicular (6 =90°)
to the direction of the AgNW alignment, respectively; because the aligned AgNW arrays can act as a
polarizing filter (Figure 5.16). These polarized absorption and dichroic properties clearly indicate the
strong anisotropic optical properties of the aligned AgNW films.
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Figure 5.10. Unidirectional bar-coating alignment of the AgNW arrays and the anisotropic optical
properties. (a-c) FWHM values according to the variation in the bar-coating parameters, including the
amount of solution (2-40 pl), coating speed (10-70 mm s!), and substrate temperature (23-60 °C). (d-f)
Anisotropic optical properties of the unidirectional AgNW arrays. (d) Schematic showing the polarized
absorption test as a function of the angle 6 between the direction of the polarized incident light and the
NW alignment. (e) Polarized UV-vis absorption spectra of unidirectionally aligned AgNW arrays as a
function of polarization angle (0-90°). (f) Optical dichroic property of unidirectionally aligned AgNW
array. Polarized optical microscope images of “UNIST” patterns with different AgNW alignment
directions exhibits invisible AgNW arrays when the light was polarized parallel to the direction of
AgNW alignment (0 = 0°) and clearly visible AgNW array when the light was polarized perpendicular
to the direction of AgN'W alignment (8 = 90°). The scale bar is 100 pm.
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Figure 5.11. Dark-field optical micrographs of the aligned AgNW networks fabricated by the bar-
coating assembly with different coating conditions; (a) volume of solution (2-40 pl), (b) coating speed
(10-70 mm s), and (c) substrate temperature (23-60 °C). All insets show the corresponding FFT

analysis images. The scale bar is 40 pm.
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Figure 5.12. The effect of the amount of AgNW dispersion on the formation of contact area between
the meniscus and the substrate. Schematics and close-up photographs show the meniscus between the
rod and substrate with a different volume of dispersion (2-40 ul). As the volume of dispersion increases,
the contact area becomes broader. The scale bars are 500 um (top) and 1000 um (bottom).
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Figure 5.13. Schematic showing the intensity distribution of shear force according to the variation of

artial alignment

the height (J) of meniscus. In the meniscus dragging process, the shear force gradient is generated as a
function of the height of the meniscus in a Couette flow. Therefore, the AgNWs located far from the
dragging bar have a high probability of misalignment due to a reduced shear force. In thick meniscus
film, many of AgNWs are located far from the dragging bar and thus have a high probability of
misalignment. In thin meniscus film, most of AgNWs are near the dragging bar, which results in the

high probability of alignment.

Increasing the gap distance between Meyer rod and substrate

Figure 5.14. The effect of spacer thickness for the alignment of AgNWs. (a) Schematics showing the
different height of the meniscus between the rod and the substrate depending on the thickness of spacer.
As the thickness of spacer increases, the height of meniscus increases. (b) Dark-field optical
micrographs showing the alignment of AgNWs depending on the variation of spacer thickness (20-120
um). During the bar-coating assembly, #2 bar and 10 mm s of coating speed were used in all

experiments. The scale bar is 40 um.
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Figure 5.15. Polarized UV-Vis absorption spectra of the random AgNW networks as a function of
polarization angle (¢) from 0 to 90°. As compared to aligned AgNW arrays, random AgNW networks
without any anisotropic optical properties do not show any noticeable change in their absorption peaks

as the polarization angle increases.
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Figure 5.16. Schematics showing the polarized optical microscope modes according to the direction
between the polarizing filter and the AgNW alignment direction; (a) € = 0°, (b) 6 = 90°. When the
polarizing filter and the aligned AgNW array have the same vertical polarization direction (6 = 0°),
vertically polarized light passes through the aligned AgNW film. However, when the polarizing filter
and aligned AgNW array have the perpendicular polarization direction (6 = 90°), polarized light cannot
penetrate the aligned AgNW film.
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For TCE applications, aligned AgNW networks are more advantageous than random ones in terms
of their higher network uniformity, lower percolation threshold, and better transparency.'”’” We
fabricated cross-aligned AgNW arrays with precisely controlled surface densities via a repeated
multistep process, which provides highly uniform conductive networks (Figure 5.17). As seen in Figure
5.18a, cross-aligned AgNW arrays exhibit high optical transmittance (7 of 87.6-97.2 % at 550 nm) and
low sheet resistance (Rs of 10.4-69.7 Q sq") as a function of the number of cross-aligned coatings. Here,
the increase in the number of coatings results in a dense and thick conducting film with lower optical
transparency and higher electrical conductivity. To compare the tradeoff performance between Rs and T

for the cross-aligned and random AgN'W networks, a FoM for the electrical to optical conductivity ratio,

Zo) /(D) -2 ) _
} ] , 1s used, where Z; is the impedance of free space (Zy =377 Q),

1
defined as 7= [1 + ﬁ{(R_s)

n is the percolation exponent describing the power law relationship between R, and the film thickness,
and I1 is the percolative FOM.?% A high FoM value indicates low and high value of R and T, respectively.
In addition, a low n value is preferred to obtain a high value of I1, which means the reduced NW-NW
junction resistances over the thin film. In Figure 5.18Db, the I1 and » values can be calculated by fitting
Rs and T data for cross-aligned (7 of 93.5-96.5 % at 550 nm with R, of 18.8-42.3 Q sq') and random (T
of 88.2-97.0 % at 550 nm with R, of 15.9-88.62 Q sq!) AgNW networks. The II value of the cross-
aligned AgNW arrays (FoM = 479) is much higher than that of random AgN'W networks (FoM = 254),
which confirms the superior optical and electrical properties of the cross-aligned AgNW arrays.
Meanwhile, the lower n value of the cross-aligned AgNW arrays (n = 0.12) than that of random AgNW
networks (n = 0.14) confirms the high uniformity and reduced interwire junction resistances of the
cross-aligned AgNW arrays. The higher I1 and lower n values of the cross-aligned AgNW arrays
indicate that the cross-aligned AgNW TCE is better suited for overcoming the issue of the tradeoff
between the electrical conductivity and optical transparency of conventional random AgNW networks.

Figure 5.18c compares the R, to 7' performance of various AgNW based TCEs. The R,-T performance
of the cross-aligned AgNW arrays (18.8-42.3 Q sq' at 88.2-97.0 %) surpasses those of other random
AgNW networks. The best R,-T performance of the cross-aligned AgNW arrays (Rs=21.0 Q sq! T=
95.0 %) is superior to that of the previously reported random AgNW networks, such as purified AgNWs
(32.0-130 Q sq'at 95.1-99.1 %),%% spray-coated long AgNWs (20.0 Q sq' at 92.1 %),* graphene-
AgNWs hybrids (33.0 Q sq! at 94.0 %),” dry-transferred AgNWs (10.0 Q sq' at 85.0 %),** graphene
oxide-soldered AgNWs (12.0-26.0 Q sq' at 86.0-92.1 %),*” polymer-soldered AgNWs (25.0 Q sq' at
85.0 %), multilength scaled AgNWs (28.0 Q sq' at 91.8 %),%"" very long AgNWs (9-69 Q sq! at 89-
95 %),% and hybrid of meso- and nanoscale metal NWs (0.36 Q sq! at 92 %).*® In addition, our bar-
coating assembly can produce large-area (> 20 x 20 ¢cm?) cross-aligned AgNW arrays with a highly

uniform spatial distribution of the AgNW networks without any additives, transferring or lithography
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processes, which cannot be achievable by most of the previously reported random AgNW networks.?”:
207 To verify the spatial uniformity over such a large area, we fabricate TCEs based on cross-aligned
AgNW arrays on large-area (20 x 20 cm?) flexible substrates (Figure 5.18d). the R, and T values of each
pixel in a 4 x 4 array are then investigated. Figure 5.18e,f show mapping images of the R, distribution
of cross-aligned and random AgNW networks with similar average R values. The cross-aligned AgNW
arrays show a uniform distribution of Rs with a small standard deviation of 1.2, which compares
favorably with that of the random networks having large standard deviation of 6.5 (Figure 5.18e,f).
Likewise, the T distribution of the cross-aligned AgNW arrays show a better uniformity across the entire
area, having a standard deviation of 0.3, which is small compared to that of the random AgN'W network,
which has a standard deviation of 0.8 (Figure 5.18g,h). These large-scale uniformities of cross-aligned
AgNW arrays can be attributed to the ordered surface geometry of the conductive AgNW network as
well as the uniform NW-NW junctions that didn’t exist in randomly-entangled NWs. We also note that
the cross-aligned sizable AgNW arrays exhibit a higher optical transparency (95.9 %) than that of the
random AgNW arrays (91.9 %) for similar average Rs values. Besides, the cross-aligned AgNW
networks possess an outstanding mechanical stability. Those films show a negligible variation in
resistance under the bending radius as small as 1.5 mm (Figure 5.19a). In addition, there is no significant
change in resistance even after repetitive bending of 1000 times at 1.5 mm of bending radius (Figure
5.19b). Furthermore, the cross-aligned AgNW arrays can be fabricated in several minutes, which is
better than the previous slow and complicated processes requiring additional transfer process and post-
treatment. All of these characteristics are critical factors for practical applications of AgNW based TCEs

in large-area optoelectronic devices.
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Increasing the number of cross-coatings

# pou 1343\ Buiseasou)

Figure 5.17. Dark-field optical micrographs of cross-aligned AgNW arrays by varying the number of
cross-coatings for bar-coating conditions of (a) #2 bar and 3 ul, (b) #3 bar and 4 pl, and (c) #6 bar and
8 ul. All of the cross-aligned AgNW arrays were fabricated at the coating speed of 10 mm s™!. The scale
bar is 40 pm.
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Figure 5.18. Optical and electrical performance of the large-area transparent conductive electrodes
(TCESs) using the cross-aligned AgNW networks. (a) UV-vis spectra and corresponding sheet resistance,
R;, of cross-aligned AgNW arrays with different numbers of cross-coatings. The substrate was used as
a reference in all UV-vis experiments. (b) R; versus optical transmittance, 7, at 550 nm for the cross-
aligned and random AgNW networks fitted by percolative regime. (¢) Rs versus T performance of
various AgNW TCEs. (d) A photograph of large-scale (20 x 20 cm?) TCE coated with uninform cross-
aligned AgNW arrays (top), and schematic showing its 4 x 4 pixels for analysis (bottom). (¢) 4 x 4
pixels mapping images showing the R; distribution of cross-aligned and (f) random AgNW networks
over a large substrate area (20 x 20 cm?). The average Rs was set so as to be similar in both films. (g) 4

x 4 pixels mapping images showing the 7 distribution of cross-aligned and (h) random AgNW networks

over a large substrate area (20 x 20 cm?).
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Figure 5.19. Mechanical stability of cross-aligned AgNW based TCEs on PET substrate. (a) Variation
in resistance of cross-aligned AgNW TCEs as a function of bending radius. (b) Resistance change of

cross-aligned AgNW TCEs during 1000 bending cycles at the bending radius of 1.5 mm.
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For the proof of concept application of large-area TCEs, we demonstrated a large-area, flexible, and
transparent touch screen based on a four-wire resistive-type touch sensor that uses cross-aligned AgNW
TCEs as the top and bottom transparent electrodes without any protective layers or dot spacers (Figure
5.20a). Here, when the top electrode is depressed by an external force, the two resistive layers meet.
When a voltage is applied across X or Y layers between X1-X2 or Y1-Y2 busbars, the other touching
layer divides the applied voltage at the touch position and thus the controller circuit board captures the
voltage change at the touch position along the X-Y coordinates. Figure 5.20b shows the flexible and
transparent touch screen using a cross-aligned AgNW network that has an active area of 20 x 20 cm?.
Figure 5.20c demonstrates the application of the large-scale touch screen for writing letters of the
alphabet; we can write over the entire area of the touch screen without any disconnected lines or defects
in the letters, which thereby demonstrates the outstanding touch sensitivity and uniformity of the device.
Those writing performance can be attributed to the fine resolution of our touch screen. We investigate
the resolution of touch screen by measuring the smallest distance between two adjacent touch lines that
can be distinguished by our touch screen (Figure 5.21). The estimated resolution of touch screen is
around 100 um (Figure 5.21c), which is the smallest distance distinguishable by the touch controller
board used in our study.

Note that the optical transparency of our touch screen allows for tracing and drawing underneath
pictures. Figure 5.20d demonstrate the tracing of a picture of a butterfly below the transparent touch
screen, where precise and continuous line drawing is possible without any defects. These results
demonstrate the potential of our bar-coating assembly for fabricating cross-aligned AgNW arrays for
large-area transparent electrodes that can be used in transparent and flexible touch screens. One
advantage of our touch screen compared to previous ones is the optical transparency and flexibility,
which enables the electronic tracing of underneath surface textures, graphics, and writings even on the
curved surfaces, indicating bending-insensitive capability of our touch screens (Figure 5.22).

In addition to the tracing of touch location on the transparent touch screen, simultaneous detection of
an applied force is beneficial in discriminating the pressure between gentle and hard touches on the
screen during writing and tracing tasks. To create touch screens that recognize writing force as well as
location, we incorporated a mechanochromic SP-PDMS composite film into the touch screen. The SP-
PDMS film allows the visualization of applied force through a color change in response to the dynamic
writing pressure. Spiropyran mechanophore (force-sensitive molecule) can be covalently coupled into
PDMS network, so that local tension in the PDMS triggers a reversible color change in the spiropyran
through a force-induced ring opening reaction,?’® 2 that has been used previously for stress or strain
sensing.?!%?!2 Figure 5.23a shows the schematic illustration of mechanochromic touch screens, which
comprises cross-aligned AgNW TCE layers and over-coated mechanochromic SP-PDMS composite

film. The mechanochromic touch screen enables the detection of location of dynamic touch that is
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monitored by the resistive touch sensor; meanwhile, the intensity of force during the writing is detected
by the change in color of mehcanochromic force sensor, which is analyzed by the spectroradiometer
(Figure 5.23b).

The applied writing force can be quantified by analyzing the intensity of visible color spectra as a
function of dynamic writing force in horizontal lines that are drawn by a stylus (Figure 5.24). As can be
seen in Figure 5.23c, the intensity of blue color obtained from the normalized luminance at 448 nm
increases linearly with the writing force (luminance ~ 0.37 X Furi). As seen in Figure 5.23d, the blue
color intensity of the handwritten letters “FNL” gradually increases in response to increasing writing
force (Fuwrice) applied to a mechanochromic touch screen. This behavior can be attributed to the varying
local deformation of the SP-PDMS film in response to different writing forces. Figure 5.23¢ shows the
average intensities of blue color for handwritten letters “FNL”, which increases with the increase of
dynamic writing force. Based on the linear calibration curve in Figure 5.23c, the applied forces can be
determined to be from F; =4.3+0.2 N to F’s = 14.9£3.4 N. The degree of color change as a function of
writing force can be further analyzed by standard colorimetric system called CIE 1931. Figure 5.23f
shows the average color coordinates of letters “FNL” with different applied forces from 4.3 N to 14.9
N, where X-Y coordinates move to the deep blue region with increasing force. While the line width of
writing letters in Figure 5.23d is ~1 mm, the resolution of dynamic writing on the SP-PDMS film can
be further improved by decreasing the contact area of applied force. In our study, the line width of
dynamic writing can be decreased down to ~79 um by using a sharp stylus pen (Figure 5.25).

Combining the two detection mechanisms enables the simultaneous detection of location and
intensity of force during the writing. When four different writing forces are applied for the handwritten
letter “A”, the intensity of writing force can be discriminated by the different intensity of blue color on
the mechanochromic touch screen (Figure 5.26a). At the same time, the corresponding location of
writing signals of letter “A” can be precisely tracked on the monitor (Figure 5.26b). Moreover, writing
touch signals and the color change can be clearly observed even under the bending state, indicating that
the force-sensitive touch screen is insensitive to film bending. The real time visualization of writing
force on the mechanochromic touch screen can be used to distinguish, for example, personal
handwriting patterns with locally varying writing forces.?'® Figure 5.23g shows the spatial force
mapping analysis (10 x 10 pixels array) of local writing force applied to the handwritten letter “A”. The
locally different writing forces can be clearly observed along the letter “A”, indicating the potential
application of mechanochromic touch screens for the enhanced security of personal identity based on

the handwritten electronic signatures.
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Flgure 5.20. Large-scale, flexible, and transparent touch screens using cross- ahgned AgNW TCEs. (a)

Schematic showing the structure of the large-scale, flexible, and transparent touch screen using the
cross-aligned AgNW arrays on a PET substrate connected to a laptop computer through a controller
board. (b) A photograph of the large-scale, flexible, and transparent touch screen (20 x 20 cm?) using
cross-aligned AgNW TCEs. (c) Demonstration of writing alphabet letters on the transparent touch
screen, which have been recorded on the computer monitor. (d) Demonstration of tracing a picture of a

butterfly placed under the transparent touch screen.
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Figure 5.21. (a-f) Output images of touch signal and (g) normalized gap distance between adjacent
touch signals, generated by two touch points pressed with different gap distance of (a) 0 um, (b) 50 um,
(c) 100 pm, (d) 200 pm, (e) 500 um, and (f) 1000 pm on touch screen based on cross-aligned AgNW
TCEs. Our touch screen can detect touch location with the resolution of 100 um, which corresponds to
the resolution of touch controller board. Ly is defined as minimum gap distance between two touch

signals that can be distinguished by touch screen.
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Figure 5.22. Demonstration of large scale, flexible touch screen fabricated by cross-aligned AgNW

based TCEs. Handwritten letters “FNL” was precisely written on top of curved surface.
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Figure 5.23. Flexible, transparent, and force-sensitive touch screens. (a) Schematic illustration of the
device structure of a force-sensitive touch screen showing simultaneous force and touch sensing in
response to dynamic writings. (b) Schematic illustration of the mechanochromic touch screen system
with the color analysis using a spectroradiometer. (c) Normalized luminance at 448 nm wavelength as
a function of the writing force. A fitted line shows a linear relationship between the normalized
luminance and the writing force. (d) Photographs of mechanochromic color changes on the touch screen
as a function of different dynamic writing force. The blue color intensity of the written letters “FNL”
on the touch screen increases with the writing force. The scale bar is 1 cm. (e) Normalized luminance
spectra of blue color letters “FNL” in visible range (380-520 nm). Based on the linear curve in Figure
5.23c, the applied forces can be determined to be from F; = 4.3£0.2 N to F5 = 14.94£3.4 N. (f)
Representation of the color coordinates on the CIE 1931 color space according to the different writing
force. The X-Y coordinates move to the deep blue region with the increase of applied force. (g) A
photograph of the written letter “A” on the mechanochromic touch screen (left) and its 10 x 10 pixels

array of applied force mapping data showing the local force distribution (right). The scale bar is 1 cm.
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Figure 5.24. The investigation of the relationship between the color intensity and the applied writing

force using a spectroradiometer. (a) The photographs of the different lines on the mechanochromic touch

screen as a function of writing force and (b) its normalized luminance spectra in visible range (380-520

nm). The horizontal lines are drawn by a stylus as a function of dynamic writing force.
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Figure 5.25. The resolution of lne width drawn by using different tip size of stylus on mechanochromic
SP-PDMS film. (a,b) The stylus with small size of tip can generate very thin blue line with the thickness
of ~79 pm. (c,d) Stylus with large size of tip generates blue line with the thickness of ~147 um.
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Figure 5.26. Real time monitoring images of mechanochromic colors on the touch screen (a) and its
touch signals on the laptop monitor (b). The red dotted squares show the alphabet “A” written by the

smallest force during the writing on the mechanochromic touch screen. The scale bar is 2 cm.
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5.4 Conclusions

In conclusion, we developed a simple and efficient assembly strategy for the large-area, highly cross-
aligned AgNW arrays for TCE applications through a modified bar-coating assembly. As opposed to
conventional solvent-evaporation-induced assemblies, which are slow and produce nonuniform
conductive networks, our modified bar-coating strategy enables fast, efficient, and uniform alignment
of NWs in a large area by simply dragging the Meyer rod over AgNW solution on the target substrates.
The cross-aligned AgNW arrays exhibited excellent electrical conductivity as well as optical
transmittance over large area of film (Rs of 21.0 Q sq™! at 95.0 % of T over 20 x 20 cm? area) with
a FoM value of 479, which is much higher than that of the random AgNW networks (FoM = 254). For
the potential applications of large-area cross-aligned AgNW transparent electrodes, we demonstrated
large-scale, flexible, and transparent touch screens using resistive touch sensor based on cross-aligned
AgNW electrodes, which exhibited highly uniform and precise touch sensing performance across the
entire region. In addition, the combination of the force-sensitive touch screens and a mechanochromic
SP-PDMS composite film has been developed to simultaneously detect human writing force and
location. Our modified bar-coating assembly is not limited to AgNWs, but can be extended to align
other types of metallic and semiconducting one-dimensional nanomaterials (copper, silicon, indium
phosphide, efc.), as long as the NWs are formed in a solution state. Therefore, we anticipate that the
suggested technique provides a robust and powerful platform for the controllable assembly of NWs
beyond the scale of the conventional fabrication techniques, which can find diverse applications in

multifunctional flexible electronic and optoelectronic devices.
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Chapter 6. Transparent and conductive nano-membrane (NM) with

orthogonal AgNW arrays for wearable acoustic device applications.

6.1 Introduction

Recently, various electronic devices have been developed to mimic the comprehensive capabilities

of the human senses for a wide range of potential applications, such as electronic skin (E-skin) for tactile

214-216 217,218

sensing, artificial basilar membranes for hearing, and an artificial throat for speaking.?!” The
human voice has been an important bio-signal for realizing user interfaces with the rapid growth of the
“Internet of Things (IoT)” interconnecting humans and machines. In addition, acoustic hearing and
speaking devices have attracted great interest as essential technologies for many potential human-
machine interactive applications, such as voice security, the control of drones and robots,
communication with artificial intelligence (AI), and many kinds of voice recognition system.??% ??! For
these applications, personal wearable acoustic devices require advanced flexible, portable, and
miniaturized appliances capable of detecting or producing the human voice, as well as sounds.?!% 22227
Previously, Fan et al. demonstrated an ultrathin, self-powered, and paper-like microphone for recording
the human voice. This microphone generated a triboelectric voltage in response to sound pressure.??* In
addition, Tao et al. developed a graphene-based artificial throat, which can function as both loudspeaker
and microphone.?!? Despite the high-level of performance and functionality available from these
flexible acoustic devices, they remain rigid, which prevents their intimate integration with the human
skin or other electronic devices intended for a wearable device platform. Furthermore, wearable
electronics are nowadays required to be ultrathin, lightweight, and transparent to offer better

8 which may yield emerging technologies, such as imperceptible

convenience and appearance,?
electronics, skin-attachable E-skin, and conformal electronics.??***> Based on these concepts, highly
conformal device/skin contact has become an essential feature because such devices can be directly
attached to an uneven surface or even human skin, which can be characterized as a curvilinear and non-
flat surface with a complex topology.*® To achieve conformal device/skin contact, various approaches
have been suggested, including decreasing the substrate thickness, using bio-inspired structures, and
adopting a micro-hair architecture, thus enabling the realization of a conformal interaction with the skin.
235237

Free-standing nano-membranes (NMs) with a nanoscale thickness of less than a few hundred
nanometers can provide a powerful platform for conformal electronics that offers many features such

238,239 which are not available

as lightness, excellent flexibility, optical transparency, and conformability,
with bulk materials. Graphene-based conformal devices formed on ultrathin polymer NM substrates

have been developed for skin-attachable devices.?** In addition, conformal tactile sensors fabricated by
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forming MoS, semiconductors on NM substrates have demonstrated good optical transparency and
mechanical flexibility for high sensitivity E-skin applications.?** Although such NM-based electronics
are characterized by an extremely low bending stiffness, making them capable of achieving conformal
contact with an uneven surface, the mechanical properties of such polymeric NMs are still limited by
their low fracture toughness, which can result in mechanical failures, such as cracks or voids caused by
the application of an externally applied strain.

Hybrid NMs differ from polymeric NMs, in that the electrical, optical, and mechanical properties of
the NMs are determined by the type of the loading material, which can be metal nanoparticles (NPs),
metal nanowires (NWs), carbon nanotubes (CNTs), or graphene.>*%249-242 [n this respect, silver nanowire
(AgNW)/polymer composite NMs are attractive candidates because they possess excellent mechanical
and electrical/optical properties due to the large aspect ratio of the AgNWs used as reinforcement.?4% 243
In addition, AgN'W networks can be easily prepared by cost-effective and large-scale solution-based
processes, such as spin-coating, drop-casting, rod-coating, and spray-coating.’% 7% 24 A few studies have
addressed the mechanical properties of free-standing AgNW/polymer composite NMs formed using a
layer-by-layer (LbL) assembly technique.?*® ?** Gunawidjaja et al. investigated the mechanical
properties of unidirectionally oriented AgNW embedded in polymeric NMs, which results in a
significant enhancement of the mechanical strength along the NW orientation **°. However, the
scalability and fabrication process are not suitable for commercial applications. Furthermore, to the best
of our knowledge, there have been no attempts to exploit hybrid NMs with an AgNW network to
fabricate NM-based wearable electronic devices.

Herein, we introduce ultrathin, conductive, and transparent hybrid NMs that can be applied to the
fabrication of skin-attachable NM loudspeakers and microphones, which would be unobtrusive in
appearance due to their excellent transparency and conformal contact capability. Our hybrid NMs
consist of an orthogonal AgNW array embedded in a polymer matrix, which substantially enhances the
electrical and mechanical properties of ultrathin polymer NMs without any significant loss in the optical

transparency due to the orthogonal array structure.
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6.2 Experimental Details

Sample preparation. Si substrates were cleaned with isopropyl alcohol and D. I. water using
ultrasonication for 5 min, respectively. ZnO films were deposited on Si substrates by a RF sputtering
process to act as a sacrificial layer. The ZnO layer was treated with O plasma for 5 min to produce the
surface wettability and hydrophilicity. Poly-L-lysine (PLL) with amine functional groups was applied
to the ZnO films by spin-coating at 4000 rpm for 60 s. Orthogonal AgNW arrays were fabricated on the
PLL-treated ZnO films by using a modified bar-coating technique, in which AgNW ink (Nanopyxis
Corp.) containing 0.15 wt.% AgNWs in ethanol with an average length of 20 um and a diameter of 35
nm was used. Parylene-C films were deposited by a CVD method using a parylene coater (Alpha plus
Corp.) on the orthogonal AgNW array to fabricate the hybrid NMs. The as-fabricated hybrid NMs on
the ZnO film/Si substrate were placed in an etchant solution (citric acid 10 wt.% dispersed in D. 1. water)
to remove the ZnO sacrificial layer, which enables the production of free-standing hybrid NMs. The
hybrid NM loudspeaker was fabricated by connecting two Cu wires and pasting liquid metal (Eutectic
Gallium-Indium) to the two edges of hybrid NM. For the fabrication of microstructure-patterned PDMS
film, PDMS films were prepared by mixing silicone elastomer base (Sylgard 184, Dow Corning) and a
curing agent in the ratio of 10:1. The well-mixed liquid PDMS prepolymer was stored in a vacuum
desiccator for 30 min to eliminate air bubbles. Subsequently, the liquid PDMS prepolymer was poured
onto Si micromolds with different micropatterns (i. e. line, pyramid, pillar, and dome) and thermally
annealed at 90°C for 3 hours.

Characterization. The surface morphology of orthogonal AgNW array was examined by an optical
microscope (PSM-1000, Olympus). The sheet resistance of the orthogonal AgNW array was measured
using a four-point probe method (Keithley 2400). The optical transmittance in the visible range was
determined using UV-vis spectroscopy (JASCO 620). The total thickness of the NMs was measured by
using atomic force microscopy (DI-3100, Veeco). The applied AC voltage was generated by a function
generator (AFG 3011C, Tektronix). The surface temperature of hybrid NM under the application of AC
voltage was monitored by an IR camera (Therm-App TH, Therm-App). A dynamic signal analyzer
(National Instruments Corp.), integrated with a commercial microphone (40PH, G.R.A.S.) was used to
collect the sound emitted by the loudspeaker and analyze the SPL and frequency. The output voltage of
the NM microphone was measured using an oscilloscope (DPO 2022B, Tektronix). The adhesion force
of micropatterned PDMS films was measured by a texture analyzer (TXA, YEONJIN S-Tech). The
voice-based security system was built by using LabVIEW software with the analysis of FFT.
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6.3 Results and Discussion

Ultrathin, transparent, and conductive AGNW nano-membranes. Figure 6.1a is a schematic of
the fabrication procedure for transparent and conductive hybrid NMs using orthogonal AgNW arrays
as the nano-reinforcement, as well as a polymer matrix. Zinc oxide (ZnO) films (thickness: ~200 nm)
deposited on silicon (Si) substrates are prepared as a sacrificial layer, such that the NMs can be released
from the Si substrate after the fabrication process. Here, ZnO films were chosen to ensure the alignment
of AgN'W arrays, in which the sacrificial films should not be dissolved in both deionized (D. 1.) water
and ethanol solvent. The orthogonal AgNW arrays were fabricated onto the ZnO layer by using a
solution-based bar-coating assembly technique. Subsequently, parylene-C films are deposited on the
orthogonal AgNW arrays by a chemical vapor deposition (CVD) method to form a polymer matrix of
nanometer thickness. This material was chosen because of its good bio-compatibility and chemical
stability.?*® The as-fabricated hybrid NMs on Si substrates were placed in an etchant solution (citric acid
10 wt.% dispersed in D. 1. water) to dissolve the ZnO layer and release the hybrid NMs. Figure 6.1b
shows a hybrid NM suspended on the surface of the etchant solution. Here, suspended hybrid NMs can
be easily transferred without any damage by using anodic aluminum oxide (AAQO) templates as a carrier,
due to their low friction originated from the nanoporous surface structure (Figure 6.2). Figure 6.1c
shows dark-field optical micrographs of an orthogonal AgNW array produced by the bar-coating
process. The fast Fourier transform (FFT) image in the inset indicates that the geometry clearly exhibits
a cross configuration. The orthogonal AgNW arrays are tightly embedded in the polymer matrix, giving
a total thickness of 100 nm, as shown in both the cross-sectional scanning electron microscopy (SEM)
and atomic force microscopy (Fig. 6.1d and 6.3).

The optical and electrical properties of the hybrid NMs are determined from the density of the
orthogonal AgNW array produced via a multi-step assembly process, in which the density of orthogonal
AgNW arrays was controlled by varying the number of coatings (Figure 6.4). For 3 times of multi-step
coatings, the pure orthogonal AgNW array shows a high transmittance of 97.4% at the wavelength of
550 nm and a low sheet resistance of 47.4 Q/sq (Figure 6.4). The pure polymer NM exhibits a high
transmittance of 98.2% at the same wavelength. In particular, the hybrid NMs composed of orthogonal
AgNW arrays embedded in polymer matrix exhibit an excellent transmittance of 93.1% at wavelength
of 550 nm without any significant optical loss, which is comparable to those of other conventional
transparent substrates such as polyethylene terephthalate (PET) (92.9%) and glass (93.5%) (Figure 6.1¢).
Our hybrid NMs differ from other types of hybrid NMs integrated with nanomaterials, such as NPs,
NWs, CNTs, and graphene,”® 24242 in that the orthogonal AgNW arrays provide not only excellent
electrical conductivity and optical transparency but also a significant improvement to the overall
mechanical properties of the polymer matrix due to the effective interfacial interaction between the

AgNW and the polymer matrix, resulting in efficient load transfer within the polymer matrix.?*” 248
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Consequently, hybrid NMs suspended on the water surface maintain their original shape without any
damage, such as cracking or fracturing when struck with a glass rod, or when lifted and lowered with a
plastic pipette (Figure 6.1f). Furthermore, our transparent and free-standing hybrid NMs can be
transferred on any three-dimensional (3D) surface with a curvilinear and complex morphology due to
the low film thickness, which enables to be an imperceptible in appearance (Figure 6.1g-1). Note that
hybrid NMs, placed on the back of a person’s hand, maintain their electrical conductivity without

breaking when subjected to a compression or stretching force.
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Figure 6.1. Fabrication of free-standing hybrid NMs with orthogonal AgNW array. (a) Schematic of
fabrication procedure for free-standing hybrid NMs with orthogonal AgNW array embedded in polymer
matrix. (b) Free-standing AgNW composite NMs floating on a surface of water. The scale bar indicates
1 em. (c) Dark-field optical microscope image of orthogonal AgNW arrays. The inset shows a fast
Fourier transform (FFT) image of the optical micrograph, corresponding to its surface geometric
structure. The scale bar indicates 40 pm. (d) Cross-sectional SEM image of hybrid NM as-fabricated
on a ZnO/Si substrate. The scale bar indicates 100 nm. (e) Optical transmittance of polymer NMs,
hybrid NM, bare PET, and bare glass in visible range of 400-800 nm. The glass is used as a reference.
(f) Photograph of hybrid NM on surface of water under compressive force applied by a glass rod. The
scale bar indicates 3 mm. (g) Free-standing hybrid NM supported by a wire loop. Inset shows the high
transparency of the hybrid NM. The scale bar indicates 1 cm. (h) Hybrid NMs transferred onto

curvilinear surface and (i) onto human skin.
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Figure 6.2. Fabrication of free-standing hybrid NM with orthogonal AgNW array by removing the

sacrificial layer.
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Figure 6.3. Total thickness of hybrid NMs measured by atomic force microscopy.
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Conformal contact capabilities of skin-attachable hybrid NMs. To quantitatively evaluate the
conformal contact capabilities of hybrid NMs, we calculated the bending stiffness (£7) of hybrid NMs.
For the calculation of bending stiffness of hybrid nanomembranes, a representative cross-sectional
geometry of the thin film is illustrated in Figure 6.5. In this structure, there are n AgNWs with a radius
of » and Young’s modulus of 83 GPa, which were wrapped by a parylene film with the size of b x 4 and

Young’s modulus of 3.2 GPa. The distance between the neutral axis and bottom of the thin film is

2h' + 21 (Eag
R U

yO:E*

1) nmr? /bh

Ex 1)
1+ (E—Pj - )nan/bh

where 1y, is the distance between the neutral axis and bottom of the thin film, h is the thickness of film,
h’is the distance between bottom of AgNWs and thin film, r is the radius of AQNWs, b is the width of
parylene film, and Eag and Epa are the Young’s modulus of silver and parylene, respectively. From the
value of yo, we can calculate the bending stiffness (El) using the Eq (2) as below:

1

EI = Ep,bh <3

4
h? — hy, + yg) + (Eag — Epa)nmr? [§r2 + 2r(h’ —yo) + (h' — yo)z] @)

As a result, hybrid NMs produced a bending stiffness of 5.51 GPa-pm* which is comparable with
previously reported values. Therefore, our hybrid NMs offer a high degree of bendability with a small
bending radius of ~2.2 pm due to their low bending stiffness caused by their nanoscale thickness, which
facilitates the intimate contact even with 3D surfaces (Figure 6.6). Figure 6.7a is a schematic of the
conformal contact property of a hybrid NM attached to human skin, the epidermis of which has a
curvilinear and uneven surface with a complex topography. To prove the conformal contact capability
of our NMs, we transferred hybrid NMs to the epidermis of human skin by using an AAO template as
a carrier. Figure 6.7b shows a hybrid NM after being transferred to human finger, conformably
contacting against fine ridges of the fingertip having a few hundred microns of surface roughness. To
further investigate the conformal bendability, the hybrid NMs were transferred to polydimethylsiloxane
(PDMS) that had been patterned with lines of widths of 20 and 120 um. The transferred hybrid NMs
were intimately adhered to the line-patterned PDMS surface and even along the edges of the line
patterns, implying that the hybrid NMs have an excellent bendability (Figure 6.7¢,d and 6.8). To show
the conformal contact on the 3D surface, hybrid NMs with different film thicknesses (40, 100, and 200
nm) were transferred on micropyramid-patterned PDMS substrates (diameter of ~10 um and height of

~7 um) (Figure 6.7e-g). As a result, 40 and 100 nm-thick hybrid NMs can form a conformal contact on
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the surface of micropyramid-patterned PDMS with the step surface coverage (ratio of film-covered
height to the total height of 3D structure) of ~92% and ~73% while 200 nm-thick hybrid NMs cannot

conformably cover the surface with the lowest step surface coverage of ~15% (Figure 6.9).
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Figure 6.5. The structural design of the hybrid NM for the calculation of the bending stiftness with

geometrical parameters illustrated.

Figure 6.6. SEM images of the hybrid NM folded in half.
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Figure 6.7. Conformal contact of AgNW composite hybrid NMs on 3D microstructures. (a) Schematic
of conformal contact of NMs on the skin surface. (b) Hybrid NMs attached to a thumb. The inset shows
a micrograph of a hybrid NM on the skin of a fingertip. The scale bar indicates 1 mm. (c) and (d) SEM
images of the hybrid NMs transferred on line-patterned 3D PDMS microstructures with a line width of
(c) 20 and (d) 120 pum. The scale bars indicate 10 and 20 pm, respectively. The insets show a
magnification images with the scale bars indicating (c) 10 and (D) 50 um. SEM images of the hybrid
NDMs with different thickness of (e) 40, (f) 100, and (g) 200 nm transferred on micropyramid-patterned
3D PDMS microstructures with diameter of 10 um and height of 7 um. All scale bars indicate 5 um.
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Figure 6.8. High magnitude SEM images of the hybrid NM transferred on the line-patterned PDMS
with a line width of 20 pm.
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Figure 6.9. Estimated step surface coverage of the hybrid NMs with different thickness placed on a
micropyramid-patterned PDMS substrate.
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Mechanical properties of hybrid NMs. In general, conventional hybrid NMs containing
nanomaterials exhibit enhanced mechanical properties relative to pure polymer NMs due to the
reinforcing effect of fillers in the nanocomposite.?*” To evaluate the mechanical properties of hybrid
NMs, we performed a mechanical test to measure the Young’s modulus (£), as obtained from wrinkles
formed by the capillary force generated by placing a droplet of water in the center of a floating NM,
using an optical microscope (Figure 6.10a). We observed that the number of wrinkles (&), as induced
by the surface tension of the water droplet, decreased as the density of the orthogonal AgNW array
increased (Figure 6.11). Hybrid NMs generate fewer wrinkles (N < 39) than pure polymer NMs (N >
49) without AgNWs. To further investigate the effect of an orthogonal AgN'W array as a loading material
on the Young’s modulus, we plotted the number of wrinkles in the NM as a function of the combined
dependence on the radius of the water droplet (a) and the thickness of the NM (%), captured by scaling
N ~ a3, as shown in Figure 6.12. Thus, the Young’s modulus of the hybrid NMs was calculated
using Eq.(3)**;

1/4

12(1-A2 _
N = CN[ ( . )Y] a1/2h 3/4 (3)

where C is the numerical constant, A is the Poisson ratio, and y is the surface tension of the droplet.
We obtained Cx=3.2 from the experimental results with the slope of the fit line shown in figure 6.12.
The Young’s modulus of the hybrid NMs increases linearly with an increase in the density of the
orthogonal AgNW arrays (Figure 6.10b). We also acquired the bending stiffness of hybrid NMs from
the experimentally measured Young’s modulus in Figure 6.10b. We compared the calculated and
measured bending stiffness of hybrid NMs in Figure 6.10c. To investigate the measured bending
stiffness of hybrid nanomembranes as a function of the density of orthogonal AgNW arrays, we
assumed the hybrid NM as a single film and calculated the bending stiffness using the Eq (4);

EI = Epypria bh (3h? — hyo + 33 (4)
Here, Eyyprig is the Young’s modulus of hybrid NM with orthogonal AgNW arrays, which was
experimentally obtained from the capillary wrinkling test. The measured bending stiffness (5.18 to 9.62
GPa-pm?) increases with the density of orthogonal AgNW arrays, which is similar with the tendency of
the calculated bending stiffness (5.33 to 6.88 GPa-um®*). The slight difference in the calculated and
measured values is attributed to the presence of random NW-NW junctions, which were not considered
in the bending stiffness calculation in Figure 6.5.
We also performed an indentation test to measure the mechanical strength and ductility of the hybrid
NMs while varying the density of the orthogonal AgNW array. In this test, free-standing hybrid NMs,
placed over a hole in the supporting plate, were deformed by the application of a compressive force and

then fractured when the force exceeded the maximum load that could be applied to the NMs (Figure
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6.13). Figure 6.10d shows typical force vs indentation displacement (#-d) curves obtained by increasing
the density of the orthogonal nanowire arrays. The F-d curves shown in Figure 6.10d clearly show the
increase in the tensile strength of the parylene as the density of the stiff nanowire array increases.
Generally, adding NPs increases the stiffness and strength of a composite film. On the other hand,
however, this reduces the ductility of the composite film. Contrary to this behavior, our hybrid NM
exhibits a progressive increase in the indentation displacement as the AgNW density increases due to
the high ductility of nano-sized AgNWs with a large aspect ratio and stretchability of AgNW networks,
which is advantageous for flexible device applications.

The complete loading and unloading curves for polymer NMs and hybrid NMs are shown in Figure
6.14. For the cyclic test, a predefined indentation load was repeatedly applied on the NMs at a
loading/unloading rate of 0.1 mm/sec. For an indentation load of ~27 mN, F-d curves exhibit hysteresis
behaviors for both hybrid and polymer NMs, indicating the inelastic deformation of AgNW networks
and parylene polymer chains in the NMs during the indentation. The larger hysteresis of hybrid NMs
than that of polymer NMs can be attributed to the larger inelastic deformation of hybrid NMs, in which
the breakdown of interfacial bonding between AgNW and polymer matrix causes the larger energy
dissipation than those by the polymer chain rearrangement.?*® During the repeated loading-unloading
cycles, the hysteresis gradually decreases. In particular, the hysteresis of hybrid NMs is greatly
suppressed due to the permanent failure of AgNW and polymer interface. At a lower indentation load
(~11 mN), both hybrid and polymer NMs exhibit weak hysteresis behaviors due to the elastic
deformations. The maximum load and displacement that can be applied to the hybrid NMs until the
failure gradually increases with the density of the orthogonal AgNW array (Figure 6.10e). The
maximum load-displacement of the hybrid NMs with orthogonal AgNW arrays (load: 84.3 +£3.03 mN,
displacement: 2.85 +0.05 mm) is much higher compared with that of the pure polymer NMs (load: 44.8
+7.05 mN, displacement: 1.12 £0.06 mm). This could be attributed to the efficient load transfer between
the orthogonal AgN'W array and the polymer matrix in a nanocomposite system.?*’ These results suggest
that the orthogonal AgNW array is an excellent loading material for enhancing the overall mechanical

properties of a hybrid NM system.
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Figure 6.10. Mechanical properties of hybrid NMs with orthogonal AgNW array. (a) Free-standing
hybrid NMs with different densities of orthogonal AgNW arrays floating on the water surface. NMs are
wrinkled by a water droplet of radius a =~ 0.3 mm. The number of wrinkles decreases as the density of
AgNWs increases. All scale bars indicate 200 pm. (b) Young’s modulus (£) of NMs as calculated from
the wrinkle tests. (c) Comparison of calculated and experimental bending stiffness of hybrid NMs with
different density of orthogonal AgNW arrays. Measured bending stiffness was calculated by using
Young’s modulus experimentally obtained from capillary wrinkling method. (d) Applied indentation
load versus displacement of free-standing hybrid NMs as a function of density of orthogonal AgNW
array. (e) Maximum indentation load versus displacement of hybrid NMs as a function of orthogonal

AgNW arrays.
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Skin-attachable and transparent NM loudspeaker. For a proof-of-concept demonstration, we
fabricated a skin-attachable loudspeaker using hybrid NMs. The speaker can emit thermoacoustic sound
by the temperature-induced oscillation of the surrounding air. Here, the temperature oscillation is caused
by Joule-heating of the orthogonal AgN'W array upon the application of an AC voltage. Figure 6.15a is
a schematic of the skin-attachable NM loudspeaker emitting thermoacoustic sound, where periodic
Joule-heating generates a temperature oscillation, which then propagates into the surrounding medium,
causing an air pressure oscillation (i.e., a sound wave). An infrared image of the loudspeaker with an
orthogonal AgNW array reveals highly uniform Joule-heating performance with a slight increase in the
surface temperature during a flow of AC 10 V at 10 kHz (Figure 6.16). Figure 6.15b shows the acoustic
measurement system used to analyze the sound, as emitted from the NM loudspeaker upon the
application of a voltage with a sinusoidal waveform, produced by a function generator. A commercial
microphone was used to collect and record the sound produced by the loudspeaker. To characterize the
sound generation of loudspeaker, we confirmed that sound pressure level (SPL) of the output sound
increases linearly as the distance between the microphone and loudspeaker decreases (Figure 6.17).
Figure 6.15c shows the sound pressure for a hybrid NM-based loudspeaker and a thick PET film-based
loudspeaker (with a PET thickness of around 220 um) with an orthogonal AgNW array as a function of
the input power at a frequency of 10 kHz and a fixed measurement distance of 3 cm. The output sound
pressure from both loudspeakers increases linearly as the input power is increased. Notably, the
loudspeaker based on a hybrid NM produces a much larger sound pressure than that using thick PET
film with an orthogonal AgNW array at the same input power. Figure 6.15d shows the SPL spectrum as
the sound frequency is varied over a range of 1-20 kHz. We confirmed that the SPL of both thick-film
and the NM loudspeakers gradually increases with an increase of sound frequency. These results can be
explained by the following theoretical formula: *°!

Vapy 1 f
Bms = 2\/57?0';' input'\g_—S Q)

where, P 1s the root-mean-square sound pressure, « is the thermal diffusivity of the ambient gas, pois
the density, 7p is the temperature, 7 is the distance between the loudspeaker and the microphone, Pinput
is the input power, fis the sound frequency, and C; is the heat capacity per unit area. Our experimental
results are well matched with the theoretical prediction in equation (5), where the generated sound
pressure increases as a function of input power and sound frequency. Notably, NM loudspeakers
produce a massive enhancement in the SPL across the entire measured frequency range compared to
thick-film loudspeakers, attributed to a reduction in heat loss caused by substrates.?*> 2>} In general, a
lower thermal effusivity of the substrate is preferred to facilitate the effective exchange of thermal
energy with the surrounding air to efficiently generate sound.?>3 The thermal effusivity (e) can be

calculated using the equation e = (xp-C,)!"?

where « is the thermal conductivity, p is the density, and G,
is the heat capacity. We obtained e = 262 W-s"?/m?-K for the parylene NMs using literature values of
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= 0.08 W/mK, p = 1230 kg/m®, and C, = 700 J/kg-K, which is a small value compared with other
materials.>>? In the NM loudspeakers, however, the low film thickness is a more crucial factor to
minimize the heat dissipation for the enhanced sound pressure than the thermal effusivity.?>* To further
validate the effect of heat loss for the low NM thickness, we calculated the theoretical SPL for both
thick PET film and hybrid NM loudspeakers as a function of frequency using the Eq.(6) ,*

3 Pinput €.
AP = 2 lr;pu f air (6)
AT Vo T 2eqir+(dsubPsubCp subtAfitmP fitmCp, Fitm)y 27f

where AP is the sound pressure, vair is the speed of sound in the air, e, is the thermal effusivity of air,
psw and prim are the density of substrate and film, C, s and C;, sim are the heat capacity of substrate and
film, and dsw and dsim are the thickness of a substrate and film, respectively. We obtained SPL of both
loudspeakers by converting the sound pressure to SPL. As a result, the change of theoretical SPL as a
function of frequency for both loudspeakers exhibited a good agreement with our experimental results
(Figure 6.15d). Note that the huge enhancement in SPL is not mainly attributed to the discrepancy in
thermal effusivity between parylene NMs and PET films. From the theoretical calculation of SPL, the
influence of thermal effusivity on the SPL is negligible for films with the nanoscale thickness while the
low thermal effusivity enhances the SPL in the case of thick-film loudspeaker system (Figure 6.18).
Therefore, the considerable enhancement in the SPL of the NM loudspeaker could be attributed to the
efficient heat transfer to the surroundings resulting from the reduction in the heat loss to the very thin
substrate.?>> To demonstrate wearable and skin-attachable applications, the NM loudspeaker was
mounted to the back of a subject’s hand and connected by two copper-wire electrodes. This loudspeaker
is unobtrusive in appearance due to the high transmittance and intimate contact with the human skin
(Figure 6.15¢). We were able to play and recognize Paganini’s well-known “La Campanella” violin

concerto when played through the NM loudspeaker attached to the skin.
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Figure 6.15. Skin-attachable NM loudspeaker. (a) Schematic of skin-attachable NM loudspeaker with

orthogonal AgNW array. Sound is generated by temperature oscillation produced by applying an AC
voltage. (b) Acoustic measurement system where sound emitted from NM loudspeaker is collected by
a commercial microphone with a dynamic signal analyzer. (¢) Variation in sound pressure (SP)
generated from NM loudspeaker and thick film loudspeaker as a function of the input power at 10
kHz. (d) Experimental and theoretical values of sound pressure level (SPL) versus sound frequency
for NM and thick PET film loudspeakers. (e) Skin-attachable NM loudspeaker mounted on the back

of a hand. The scale bar indicates 1 cm.
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Figure 6.16. Infrared (IR) images of the orthogonal AgNW array with AC 10 V applied at a frequency
of 10 kHz.
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Wearable and transparent NM microphone. To further demonstrate the applicability of hybrid
NMs, we designed a wearable and transparent microphone using hybrid NMs combined with micro-
patterned PDMS (NM microphone). The resulting device was able to detect sound and recognize a
human voice. Figure 6.19 illustrates the structure of the skin-attachable NM microphone, consisting of
a hybrid NM mounted to a holey PDMS film and micropyramid-patterned PDMS film. This sandwich-
like structure can precisely detect the sound as well as the vibration of the vocal cords by the generation
of a triboelectric voltage resulting from the coupling effect of the contact electrification and electrostatic
induction.”** Figure 6.19b shows the NM microphone, which is highly transparent. The holey PDMS
film was used to receive a sound wave and to support free-standing NMs. A micropyramid-patterned
PDMS film is selected because it provides the smallest adhesive force with a hybrid NM, in comparison
with those of the microdome or micropillar-patterned PDMS films, which can facilitate the contact-
separation mode of the NMs (Figure 6.20). To evaluate the sensitivity of the NM microphone in
response to sound emissions, we fabricated two different device structures, namely, a free-standing
hybrid NM, integrated with a holey PDMS film (NM microphone), and another which was fully adhered
to a planar PDMS film without a hole (the so-called “thin-film microphone”, Figure 6.21). In addition,
we monitored the voltage waveforms emitted by both microphones in response to sound emitted from
a speaker, as schematically illustrated in Figure 6.19c. Both microphones exhibit narrow and sharp
output voltage peak across a frequency range of 100 Hz—10 kHz, with the maximum voltage being
obtained at 400 Hz, after which it gradually decreases (Figure 6.19d). Notably, the NM microphone
produces a much higher output voltage than the thin-film microphone across the overall frequency range.
Furthermore, the variations in the output voltage of both microphones were monitored with a decreasing
SPL at a frequency of 400 Hz to determine their minimum sound-detection capability (Figure 6.19¢).
For the same SPL, the output voltage of the NM microphone was higher than that of the thin-film
microphone. These results can be attributed to the excellent vibrational sensitivity of the free-standing
NM, which enhance the coupling of triboelectric effect with an increase in the gap between the
micropyramid-patterned PDMS and free-standing hybrid NM.?*> We monitored the time-dependent
variation in the voltage waveforms produced by a human voice. A speech entitled “There’s plenty of
room at the bottom” by R. Feynman was played to both the NM microphone and thin-film microphone
to demonstrate their ability to monitor acoustic waveforms (Figure 6.19f). The time-dependent
waveform of the output voltage and the corresponding spectrograms from the NM microphone (middle)
are in good agreement with the original sound waveform and spectrograms (left) of the sentence. On
the other hand, the thin-film microphone (right) cannot precisely detect a human voice in that there are
some discrepancies in the acoustic waveforms and spectrograms. Moreover, our NM microphone
exhibits an excellent acoustic sensing capability, which is comparable to the commercial microphone

(Figure 6.22). We also attempted to detect the vibrations produced by the vocal cords while speaking.

170



We observed that a NM microphone attached to a person’s neck can clearly detect the phonation of
different words. This result indicates the applicability of the NM microphone to wearable or skin-

attachable electronics, providing them outstanding acoustic sensing capabilities.
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Figure 6.19. Wearable and transparent NM microphone. (a) Schematic of wearable NM microphone

device. (b) Transparent NM microphone placed over “UNIST” logo, illustrating its transparent and
unobtrusive appearance. The scale bar indicates 1 cm. (c) Sensing measurement system for NM
microphone. Variation in the output voltages as a function of (d) sound frequency and (e) SPL for NM
microphone and thin-film microphone. (f) Waveform and short-time Fourier transform (STFT) signals
of original sound (“There’s plenty of room at the bottom”, left) extracted by the sound wave analyzer,

the signal read from the NM-based microphone (middle), and thin-film microphone (right)
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Figure 6.20. Comparison of adhesion force of various micro-patterned PDMS films.
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Figure 6.21. Schematic of (a) NM and (b) thin-film microphone devices. In the NM microphone,
NM:s are mounted to the “holey” PDMS film as a free-standing geometry. In the thin-film

microphone, a hybrid NM mounted to a planar PDMS film without a hole is fully laminated with the
surface of PDMS film, where NMs cannot be free-standing.
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Figure 6.22. Waveform and short-time Fourier transform (STFT) signals of original sound (“There’s
plenty of room at the bottom”, left) extracted by the sound wave analyzer, where the signal was read

from a commercial microphone.
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Personal voice security system. As personal information and security became more important, voice
recognition has become essential to IoT sensors, voice security, and acoustic interaction with AL. To
validate the acoustic sensing capability of the NM microphone and its applicability to human-machine
interfaces, we designed a personal voice security system based on the NM microphone, which can
recognize a registrant by perceiving the user’s voiceprint. Figure 6.23a shows the voice—based security
system with a free-standing NM microphone, which prevents unauthorized users from accessing the
system by analyzing the user’s voiceprint, as obtained from a recording of the user’s voice. In the
personal voice security system, we obtained user’s voiceprint using LabVIEW software, where the
sound waveform signal of user’s voice was first recorded by a microphone and then the frequency-
domain analysis was performed using FFT with noise filtering. From the FFT spectrum, the frequency
of user’s voiceprint is arranged according to the amplitude to quantitatively determine the probability
of matching with the frequency ordering of authorized voiceprint by using a customized LabVIEW
software (S.C.V Corp.). When the user says “hello” using the NM microphone, the computer analyzes
the frequency pattern of the user’s voiceprint based on the matching probability, relative to the
registered voiceprint. If the matching probability is more than 98%, the computer authorizes the user to
access the system, which issues a greeting.

Figure 6.23b shows the sound waveforms produced in response to the sound of the word “nano-
membrane”, recorded by a registrant, authorized user, and denied user using the NM microphone. The
time-dependent acoustic information of the sound waveform of the authorized user corresponds closely
to that of the registrant whereas that of the sound waveform of denied user is not matched. Figure 6.23c
shows the voiceprints obtained for the original sound waveform produced by the registrant, authorized
user, and denied user, all of which exhibit a frequency-dependent spectrum. The voiceprints of both the
registrant and authorized user are well matched with a 99.3% matching probability in the frequency
domain. In the analysis of FFTs, they also exhibit similar frequency patterns across the entire range with
a higher pitch than that of a denied user (Figure 6.24). In addition, we could confirm that the overall
frequency patterns of FFT obtained from the NM microphone are similar with those from a commercial
microphone although there is a slight discrepancy of frequency domain in the same voice (Figure 6.25).
To further certify whether the NM microphone could be applied to voice recognition, we compared the
matching probabilities obtained using the NM and conventional microphones in response to the voice
of a registrant for repeated test of 10 times, respectively (Figure 6.23d). It is worth noting that the
matching probability using the NM microphone showed an average reliability of 98.6 £0.8% and a
small error variance, which is comparable to that of a commercial microphone (99.1 £0.6%), implying
that our NM microphone can accurately recognize registrant’s voice with high accuracy and precision.
To further validate the precision and selectivity of the NM microphone, we measured the matching

probability using the NM microphone in response to voice sounds generated by different persons
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including the registrant, a man, and two women (Figure 6.23e). As a result, our NM microphone can
selectively recognize registrant’s voices among different voices, in which all voices show different and

reproducible frequency patterns (Figure 6.26).
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Figure 6.23. Personal voice-based security system. (a) Schematic of voice security system (left) and
photograph of authorization process using free-standing NM microphone (right). (b) Sound
waveforms and (¢) voiceprints collected from registrant, authorized user, and denied user using NM
microphone. (d) Matching probability of voiceprint for authorized user using NM microphone and
commercial microphone. (e) Matching probability of voiceprints obtained from different users

including registrant, man, and two women.
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Figure 6.26. FFTs for repeated test of 10 times, extracted from the sound wave of the word “hello”
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6.4 Conclusions

In conclusion, we demonstrated a highly conductive and transparent hybrid NM, consisting of an
orthogonal AgNW array embedded into a polymer matrix, which provides excellent electrical and
mechanical properties compared to pure polymer NMs. Our hybrid NMs facilitate conformal contact
with curvilinear and dynamic surfaces without any cracking or rupture. As a conformal/skin-attachable
device application, a skin-attachable thermoacoustic NM loudspeaker is presented, enabling intimate
contact with human skin, resulting in an imperceptible and transparent appearanace. We have also
presented a wearable and transparent NM microphone integrated with a micropyramid-patterned PDMS
film for precisely detecting sounds as well as vocal vibrations produced by the triboelectric voltage
signals corresponding to sounds. As a proof-of-concept demonstration, our NM microphone was
applied to a personal voice security system requiring voice-based identification applications. The NM
microphone was able to accurately recognize a user’s voice and authorize access to the system by the
registrant only. These NM-based acoustic devices can be further explored for various potential

applications, such as wearable IoT sensors and conformal healthcare devices.
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Chapter 7. Summary and Future Perspective

7.1 Summary

In this thesis, we suggest high-performance transparent electrodes with aligned AgNW networks for
the fabrication of optoelectronic and functional electronic devices. To achieve research goals, we firstly
developed solution-based capillary printing technique to fabricate aligned AgNW networks, which
provide large improvement in electrical and optical properties for high-performance transparent
electrodes due to lower percolation threshold compared to random AgNW network. Secondly, we
further developed scalable and simple alignment technique using conventional bar-coating process in
which large-area transparent electrodes with cross-aligned AgNW networks are successfully fabricated
that provide highly uniform and excellent electrical and optical properties.
Based on these alignment techniques, we have fabricated various optoelectronic and electronic devices
integrated with aligned AgNW transparent electrodes. Here, we have considered additional materials
and structural designs corresponding to each target device, such as OSC, OLED, lightweight and
flexible PSC, skin-attachable loudspeaker, and wearable microphone. As a result, we have demonstrated
an improvement of device performance in sevaral optoelectronic and electronic devices with aligned

AgNW transparent electrodes.

In chapter 2, we demonstrated a capillary printing technique to highly align AgNWs for the
fabrication of high-performance transparent electrodes. In this process, the dragging of AgNW solutions
by PDMS stamp with nano-patterned channels produces highly aligned AgNW arrays. By tuning the
degree of NW alignment, we demonstrated that the degree of NW alignment could be optimized for the
fabrication of high-performance TCEs. Thus, aligned AgNW networks showed lower electrical
percolation thresholds than random AgNW networks, resulting in an improvement in an electrical
conductivity and optical transmittance. The aligned AgNW transparent electrodes exhibited excellent
performances of 19.5 Q/sq at 96.7% transmittance and a high FoM value of 571.3. In addition, we have
reported improved device performance for PCE of 8.57% in PSCs and the luminance efficiency of 14.25
cd/A and power efficiency of 10.62 Im/W in PLEDs integrated with aligned AgNW transparent
electrodes, respectively. This study suggests that aligned Ag NW transparent electrodes are promising
candidates for low-cost ITO-free TCEs used in optoelectronic devices and future flexible electronics.

In chapter 3, we introduced NP-enhanced plasmonic AgNW electrodes, consisting of aligned AgNW
networks decorated by core-shell Ag@SiO,NPs, which serve as outstanding transparent electrodes and
powerful plasmonic structures, simultanously. Here, NP-NW hybrid plasmonic system generates gap-
plasmon couplings at NP-NW interfaces, which provide large near-field enhancement, resulting in an

improvement of device efficiency for both OSC and OLED devices. Simulation results for near-field
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distributions of the NP-N'W system showed a large local E-field enhancement at NP-NW junctions due
to strong gap-plasmon coupling between LSPs of AgNPs and propagating SPPs of AgNWs. In addition,
we certified gap plasmon effects in NP-NW system by using various measurements including SERS,
CLSM, UV-vis, PL and EL measurements. As a result, results obtained from those measurements
showed good agreements with simulation results. Finally, we have reported high EL efficiencies of
25.33 cd/A and power efficiency of 25.14 Im/W in OLEDs as well as high PCEs of 9.19% in OSCs
integrated with NP-enhanced plasmonic AgNW electrodes. In this study, we expect that NP-enhanced
plasmonic AgNW films will be a multifunctional platform which may provide great utility in a wide
variety of optoelectronic devices and other plasmonic applications.

In chapter 4, we demonstrate ultrathin orthogonal AgNW transparent electrodes fabricated on 1.3
um-thick PEN foils for the fabrication of lightweight PSCs. Orthogonal AgNW electrodes provide
better capability to effectively prevent non-conducting silver-halide formation generated by chemical
reaction between AgNW and iodine of active layer, due to its smooth surface morphologies, resulting
in significant improvement of device performance, achieving higher PCE of 15.19% for PSC with
orthogonal AgNW electrode on glass substrate than that with random AgNW network of 10.3%.
Moreover, ultrathin and lightweight PSC foils with orthogonal AgNW electrodes exhibited an excellent
power-per-weight of 34.4 W g!. These lightweight energy harvesting platforms can be further
expanded for various wearable optoelectronic devices.

In chapter 5, we introduced scalable and simple alignment technique for the fabrication of large-area
and aligned AgNW arrays through a modified bar-coating assembly. Simple dragging of the Meyer rod
over AgNW solution on the target substrates enables fast, efficient, and uniform alignment of NWs in a
large area. Cross-aligned AgNW transparent electrodes fabricated by multiple alignment process
showed outstanding electrical conductivity as well as optical transmittance (Rs of 21.0 Q sq™! at 95.0 %
of T over 20 x 20 cm? area) with higher large-area uniformity than that of the random AgNW
transparent electrodes. For the proof-of-concept demonstrates, we demonstrated large-scale, flexible,
and transparent touch screen incorporated with cross-aligned AgNW electrodes, which provided
uniform and accurate sensing capability across the entire region. In addition, we introduced flexible
force-sensitive touch screen combined with mechanochromic SP-PDMS composite film, which can
detect human writing force and location, simultaneously. In this work, we anticipate that large-scale
alignment technique provides a robust and powerful platform for the controllable assembly of NWs
beyond the scale of the conventional fabrication techniques, which can find diverse applications in
flexible electronic and optoelectronic devices.

In chapter 6, we introduce ultrathin, transparent, and conductive hybrid NMs, consisting of an
orthogonal AgNW array embedded in a polymer matrix. Hybrid NMs significantly enhance the

electrical and mechanical properties of the ultrathin polymer NMs that can be intimately attached to
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human skin. As a proof-of-concept, we present a skin-attachable NM loudspeaker, which exhibits a
significant enhancement in thermoacoustic capabilities without any significant heat loss from the
substrate. We also present a wearable transparent NM microphone combined with a micropyramid-
patterned polydimethylsiloxane film, which provides excellent acoustic sensing capabilities based on a
triboelectric voltage signal. Furthermore, the NM microphone can be used to provide a user interface
for a personal voice-based security system in that it can accurately recognize a user’s voice. This study
addressed NM-based conformal electronics for acoustic device platforms, which could be further
expanded for application to conformal wearable sensors and healthcare devices.

In summary, this thesis presents novel approaches for the fabrication of high-performance transparent
electrodes with aligned AgNW network for the development of high-efficient optoelectronic and
functional electronic devices. Here, we certify that aligned AgNW network provides an improved
electrical and optical properties compared than random AgNW network due to lower percolation
threshold. Moreover, we confirmed that aligned AgNW networks have smoother surface morphologies
as well as high uniformity of electrical and optical properties. For the proof-of-concept, we designed
and fabricated several kinds of optoelectronic and electronic devices integrated with aligned AgNW
transparent electrodes corresponding to each device, such as OSCs, OLEDs, flexible touch screen,
flexible PSCs, and wearable acoustic devices. As a result, we have reported an improvement of these
device performances in the comparison with control devices, indicating the possibility of the fabrication
of various flexible/wearable optoelectronic and electronic devices with simple, fast, cost-effective
approaches. This study will be powerful platform for realizing high-performance NW-based devices
beyond the scale of conventional fabrication techniques, which can be further extended for diverse

applications in multifunctional wearable electronic and optoelectronic devices.
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7.2 Future perspective

While significant progress of the alignment technique has been made to assemble various types of
semi-conducting or metallic NWs, large-scale and high-throughput assembly techniques with accurate
positioning have not yet been developed, which could overcome the limitation of conventional photo-
lithography fabrication for realizing flexible/wearable NW-based FET devices. In terms of this, our
alignment techniques including capillary printing and bar-coating assembly are beneficial to be
compatible with large-scale and mass-productive commercial fabrication process. Our alignment
techniques may be further explored and applied to the alignment and assembly of other NW types. In
addition, it may be newly designed in the development and mass production of NW-based
optoelectronic and electronic devices. Specifically, we suggest that the combination with large-scale
assembly technique for NWs and self-assembly monolayer for nano-patterning of functional molecules
could offer the possibility for achieving the controllable NW assembly including the positioning, NW
density, and multi-stacking to realize the fabrication of large-scale NW-based lithography techniques
beyond the scale of the conventional fabrication techniques. Therefore, we anticipate that the suggested
future works may be of great utility in the development of wearable NW-based electronic devices in
various applications, such as FET, photodetector, bio-sensors, and e-skin devices. Furthermore, it will
provide the powerful platform for NW-based device integration in the next-generation flexible/wearable

optoelectronic and electronic applications.
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