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ABSTRACT

NANOIMPRINTED TRANSPARENT METAL ELECTRODES AND
THEIR APPLICATIONS IN ORGANIC OPTOELECTRONIC
DEVICES

by

Myung-Gyu Kang

Chair: L Jay Guo

A new type of transparent and conductive electrode (TCE) in the form of a
nanoscale periodically perforated metal mesh film by nanoimprint lithography (NIL) has
been developed. The developed transparent metal electrodes have the characteristics of
the high optical transmittance and electrical conductivity, a combination of properties that
makes them suitable as a replacement for indium-doped tin oxide (ITO), a predominant
choice as a TCE for organic optoelectronic device applications. Not only do metals
provide different work functions, but also nanoscale metallic gratings exhibit unique
optical properties due to the excitation of surface plasmon resonance (SPR), which can be
exploited in specially designed solar cells to achieve enhanced light absorption. The
future low-cost and high performance organic optoelectronic devices will need a TCE

which should be available with low-cost and high mechanical stability, the properties

Xvii



which ITO does not have. This work shows that transparent metal (e.g. Cu) electrode on
flexible plastic substrate exhibits not only high transmittance and conductivity, but also a
superior mechanical strength to compared ITO electrode.

Organic light emitting diodes (OLEDs) have been demonstrated using
transparent Cu electrodes as a TCE. The electrical characteristic of the fabricated OLED
is similar to that of the OLED using ITO electrode.

Organic solar cells (OSCs) have been demonstrated using transparent metal (Au,
Ag, and Cu) electrodes as a TCE on both hard (glass) and soft (PET) substrates. The
characteristics such as open circuit voltage (Voc), short circuit current density (Jsc), fill-
factor (FF), and power conversion efficiency (PCE) are comparable to those of ITO
device when high transparency metal electrodes were used. To demonstrate the
possibility of PCE enhancement of OSCs using the developed metal electrode, OSCs
have been fabricated with a periodic (220 nm) Ag grating electrode, acting as not only a
transparent electrode but also to support surface plasmon modes with localized and
concentrated light distribution. The absolute PCE enhancement of about 35 % for the
device with an Ag electrode relative to the ITO reference device was achieved. It has also
been demonstrated that the SPR enhances the external quantum efficiency (EQE) by
about 2.5 times for the Ag device compared to the ITO device. The experimental results
suggested that higher enhancement would be possible for a thinner organic layer.
Therefore, the use of transparent metal electrodes as a TCE instead of 1TO could help to
realize low-cost, high performance, large-area, flexible organic optoelectronic devices
such as OSCs and OLED:s.

Additionally, a number of fabrication methods based on metal transfer have been

developed during this research, which have become useful techniques that can be used in

Xviii



solar cell and other device fabrications.
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Chapter 1

Introduction

Organic optoelectronic devices, specifically, organic light emitting diodes
(OLEDs)[1-3] and organic solar cells (OSCs)[4] are promising for use in future flat-panel
and flexible displays and as a renewable energy source, respectively. They have several
advantages such as low cost, easy fabrication, and compatibility with flexible substrates
over large areas, compared to their inorganic counterparts. In particular, OSCs are
considered a promising source of clean and carbon-neutral energy as the issue of global
warming from fossil fuel combustion continues to raise our concerns. However, their
mass production has still yet to be achieved because of the low (4~5%) efficiency and
durability of organic materials. OLED displays have already entered the display market
with superb performance but much more expensive prices. Many researchers have been
working on new efficient organic materials for organic optoelectronic device applications
which might become available with improved properties and lower prices. However, very
little research has been done on the transparent electrodes that these devices use for

proper operation of OLEDs and OSCs.

1.1 Basic organic device structure

Figure 1-1 shows the basic organic device structure. It consists of a number of



organic semiconductor layers sandwiched between two electrodes. Most of the organic
devices fabricated today use a thick, conductive metal layer as the rear electrode and a
transparent, conductive electrode (TCE) as the front electrode, which receives (OSCs) or

emits (OLEDS) light.

Organic layer

Organic layer Cathode

/

(Light emitti\ng) (Light absorbing)

Anode (TCE)

= O~

hv hv

~_— =

OLED OSC

Substrate

Figure 1-1 Basic organic device (OLED or OSC) structure

Transparent, conductive electrodes (TCEs) are very important components in
any photosensitive optoelectronic devices such as OLEDs and OSCs. An ideal TCE must
be highly transparent to allow the maximum amount of light through, and it must also be
conductive to provide uniform electrical current distribution. In addition to these
properties, it must be mechanically and chemically stable, and should not cause the

degradation of the active materials it contacts in the device.



1.2 Transparent and conductive electrodes

In this section, commonly used transparent, conductive electrodes are reviewed,
focusing on their optical, electrical, mechanical properties for the use in organic

optoelectronic device applications.

1.2.1 Transparent conducting oxide semiconductors

For a material to be transparent in the visible range, it must not absorb light in
this region. Thus, the optical band-gap of a material must be greater than about 3 eV.
Transparent materials are generally insulators. For a material to be conductive, it must
have sufficient free carriers (electrons or holes) like metals or highly doped
semiconductors. Conductive materials are generally very opaque in visible range.
Fortunately, there is a special class of semiconductors, called transparent conducting
oxide semiconductors (TCOs), such as impurity doped In,O3, SnO,, and ZnO. They have
optical band-gaps greater than 3 eV, and carrier concentrations up to 10** cm?, a
combination of properties that makes them both highly transparent in the visible range
and conductive.

Among these materials, tin-doped indium oxide (commonly called indium-tin-
oxide, or ITO) (In,O3: Sn) has shown promise for use as TCE in display industry and
optoelectronic devices. It is a highly doped degenerate semiconductor with optical band-
gap above 3 eV, these features make it both transparent to wavelengths greater than
approximately 400nm[5-9] and conductive. As a result, ITO is the most common material

as a TCE, and shows good performance in organic optoelectronic devices such as OLEDs

and OSCs. However, several aspects of ITO are far from optimum for such high



performance devices. First, the migration of indium and oxygen from ITO into organic
semiconductors during the operation of the OLED causes device degradation[10, 11]. The
electrical properties of ITO are sensitive to the condition of the film preparation[12, 13].
Its rough surface limits the efficiency of the hole injection as does its low work function,
~4.7 eV[14]. The typical sheet resistance of ITO, 20~80 Q/[], is so high that it causes a
voltage drop along the addressing line, which limits the operation of large area passive
matrix OLED array[15]. It has been recently reported that ITO is not an optimum
electrode for organic solar cell applications because the band structure of the ITO hinders
efficient photocurrent generation[16]. Moreover, the poor mechanical stability of ITO can
cause device failure when an ITO-coated flexible substrate is bent[17]. Figure 1-2 shows
the SEM image of the commercial ITO electrode on PET substrate after bending test with
a radius of ~15 mm. The poor mechanical stability as shown in Fig. 1-2 will make the

ITO electrode not suitable for flexible applications.

AccV  Spot Magn WD —— 20L-|n—1-
30.0 kV 3.0 800x 8.9

Figure 1-2 SEM image of the commercial ITO electrode on PET substrate after
bending test (radius ~15 mm).



The most significant is its cost which is increasing drastically because of the
limited supply of indium and the increasing demand from the rapidly expanding display
market, which potentially prevents the realization of low cost and large scale organic
optoelectronic device fabrication. Therefore, there is a strong need to find alternative
materials to replace ITO as a high transparency electrode.

Fluorine doped tin oxide (FTO), another commercially available TCO, is also
used for transparent electrode for OLEDs and OSCs[18-20] instead of ITO, mainly
because of its lower cost. Even though it shows relatively good results for device
applications, several problems prevent its use for high performance device applications.
First, its low work function limits efficient hole injection, especially in the OLED:s.
Second, its rough surface causes high leakage current in organic devices, leading to low
efficiencies. Third, the properties of FTO films are strongly dependent on the fabrication
method.

Al doped ZnO (AZO), another promising alternative to ITO, is showing promise
for transparent electrode applications because it uses Zn and O, which are inexpensive,
and because it can achieve resistivity comparable to that of ITO. It has been investigated
as a transparent anode in OLEDs instead of ITO. However, optimum performance has yet
to be achieved because its work function and conductivity are lower than those of ITO[21,
22]. Further development of the deposition technique is also required before practical use
because the electrical properties of AZO films are strongly dependent on the deposition
methods and conditions[23].

Besides the above mentioned TCOs, other ternary or quaternary transparent
conducting oxides such as Ga-In-Sn-O ((GITO), Zn-In-Sn-O (ZITO), Ga-In-O (GI0),

and Zn-In-O (ZIO) have been studied, all of these have higher work function than ITO



and electrical conductivity similar to that of ITO and have shown promising results as
anodes for OLEDs. However, they are potentially problematic because of the indium
element, which may diffuse into the organic layer in OLEDs and also makes those
electrodes expensive.

Even though TCOs show promising characteristics such as high optical
transmittance and electrical conductivity, none of them is the best choice as a TCE for
future flexible applications because of the limitations in high temperature processing and
the poor mechanical properties that these materials exhibit. They, especially 1TO, need
high temperature annealing of around 600°C to achieve high transmittance and
conductivity, which is not compatible with a flexible plastic substrate. Also, they are
easily cracked under bending stress, resulting in device failure. Thus, a new TCE other

than TCOs must be developed.

1.2.2 Carbon nanotube networks

Carbon nanotube networks (CNTs) are another newly-emerging class of
transparent, conductive electrode that can potentially replace ITO. CNTs are molecular-
scale tubes of carbon molecules with outstanding properties. They are one of the stiffest
and strongest materials known; also they have excellent electronic properties and many
other unique characteristics. General information on CNTs can be found in elsewhere[24-
28]. Besides the unique mechanical and electronic features of CNTSs, recent research has
demonstrated that they can be applied to optoelectronic devices as transparent,
conductive electrodes[27, 29, 30]. Various methods such as spin coating, transfer printing,
and vacuum filtration have been developed to control thickness, and optical and electrical

characteristics.



Organic solar cells and light emitting diodes were recently demonstrated with
transparent CNTs instead of ITO and showed performance (e.g. power conversion
efficiency of OSCs) similar to that of ITO devices. Furthermore, CNTs are very
promising for high reliability touch screens and flexible displays because they are
substantially more mechanically robust than ITO films. Even though they have promising
characteristics such as high transmittance and excellent mechanical strength, high
performance large area organic devices are hard to achieve because of their high sheet
resistance, resulting from the contact resistance of each carbon nanotube. The sheet
resistance of carbon nanotube films is several times higher than that of conventional ITO
films. Therefore, a new fabrication method that can reduce the sheet resistance of carbon

nanotube films has to be developed.

1.2.3 Thin metal film

In most cases, highly conducting metal films are used as the rear electrode in
organic devices. When transparent frontal electrodes using metal films are required, the
metal film thickness must be reduced. Metallic films that are sufficiently thin (i.e. a few
nm) compared to the wavelength of light can be optically transparent; if the film is
continuous over a macroscopic distance, then the electrical resistivity of the film can
remain usefully low. However, the fabrication of ultra thin and continuous metal films
over large areas is difficult so the use of a thin metal film itself is limited in organic
device applications.

Several metals with high work functions such as Au[14], Ni[31], and Pt[32] have
been investigated as anodes for OLEDs. In these cases, metal was used to modify the

surface of the ITO electrode or as the anode for top emitting devices. Surface modified



thin Ag films[33, 34] were used as semi-transparent electrodes instead of ITO but their

degree of transmission was shown to be low.

1.3 Goal of research

To overcome the above mentioned problems, my research focuses on the
development of a new type of transparent and conductive electrode based on metallic
nanostructures; Such an electrode will make possible the production of truly low cost and
high performance optoelectronic devices like OLEDs and OSCs. The proposed
transparent metal electrode (TME)[35] is in the form of a periodic nanoscale metal wire
grid fabricated by nanoimprint lithography (NIL)[36], which is an emerging lithographic
technique and well-suited to the area of organic electronics that requires low-cost and
high-throughput.

The fabricated transparent metal electrodes have high optical transparency and
good electrical conductivity, and those properties are adjusted independently by changing
the metal line width and thickness in the metal grid structure. It is shown that the
proposed transparent metal electrode can serve as an alternative to conventional ITO
electrodes for OLEDs and OSCs with the equally high performance[37]. To increase the
efficiency, an organic solar cell device structures utilizing surface plasmon phenomenon

has been investigated.

1.4 Organization of thesis

The organization of the thesis is as follows:

Chapter 2 presents the transparent metal electrode using Au, Al, Ag, and Cu on a rigid



substrate, such as glass, fabricated by conventional NIL (hot pressing). These electrodes
display both high optical transparency and good electrical conductivity.

Chapter 3 describes the metal transfer printing process to realize TMEs on a flexible
plastic substrates such as PET.

Chapter 4 describes metal transfer assisted nanolithography. This lithography technique
can be used for not only the fabrication of TMEs on any substrate (rigid or flexible), but
also for the fabrication of various shapes of nanoscale metal particle arrays, such as
squares, diamonds, and nanobars.

Chapter 5 presents OLEDs device with transparent metal electrodes as an anode and
shows the first working device using this electrode.

Chapter 6 presents OSCs with transparent metal electrodes as a frontal TCE and shows
the performance of OSCs made with the TME is comparable to that of the device with a
conventional high performance ITO electrode. Also, an OSC on a flexible substrate is
demonstrated.

Chapter 7 proposes and investigates a scheme by which the power conversion efficiency
of OSCs can be enhanced using TMEs. Surface plasmon resonance (SPR) is utilized to
increase light absorption in organic layer by concentrating the light in the OSC structure.
Chapter 8 summarizes all the work done so far and discusses the future experiments to be

done.



Chapter 2
Transparent Metal Electrodes on Glass substrates

by Conventional Nanoimprint Lithography

2.1 Introduction

2.1.1 Nanostructured transparent metal electrode (TME)

Transparent metal electrode[35] is in the form of nanoscale periodically
perforated dense metal mesh films on glass substrate. Such structures are fabricated based
on two design considerations: 1) the line-width of the metal mesh is designed to be sub-
wavelength to provide sufficient transparency and to minimize light scattering; 2) the
period of the mesh is chosen to be submicron to ensure the uniformity of the current
injection (collection) into (from) the organic semiconductors. Such large area dense
nanostructures are fabricated by nanoimprint lithography (NIL)[36, 38], which is ideal
for this application due to its inherent high resolution and high throughput features. A
unique property of such electrodes in that their optical transparency and the electrical
conductivity can be tuned separately by changing the aperture ratio and the metal
thickness, thereby making it possible to tailor the structures for different applications is

shown.
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2.1.2 Nanoimprint lithography (NIL)
NIL is a thermal molding process where the pattern on the mold is physically
imprinted into the resist layer at elevated temperature and under high pressure. The

schematic of NIL process is shown in Fig. 2-1.

1. Imprint Mold
Press Mold ¥ \ )
+ — Resist
Heat —— Substrate
Remove Mold 4 1

2. Pattern Transfer

Figure 2-1 Schematic diagram of NIL process

A mold with relief patterns is first fabricated by conventional lithography
techniques (photolithography, laser interference lithography or electron beam
lithography) and reactive ion etching (RIE). The mold surface is then coated with
surfactant to avoid polymer sticking during nanoimprint. On the substrate, a thin layer of
thermal plastic polymer is spun to serve as the resist layer. The mold and the polymer-
coated substrate are then brought into intimate contact. The whole assembly is then
heated up to an elevated temperature at which the polymer melts. Then a high pressure is

applied to the assembly, and the mold relief pattern is physically imprinted into the
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polymer layer because polymer melts flows under the pressure. After a certain hold time
to allow sufficient polymer flow to accurately replicate the pattern on the mold, the mold-
substrate assembly is cooled to room temperature and the polymer solidifies. Due to the
molding nature of the NIL process, there is always a thin layer of polymer left underneath
the mold protrusions during nanoimprint. This thin layer, commonly referred as residual
layer, need to be removed prior to further pattern transfer. This residual layer removal
process is usually done by short time oxygen RIE. Once the residual layer is removed, the
polymer layer can serve as the resist to transfer the pattern to the substrate. Depends on
the methods of the pattern transfer used, both positive and negative mold pattern can be
achieved on the substrate. If the polymer layer is used as etching mask in substrate
etching, a reverse mold pattern is achieved on the substrate. If the polymer layer is used
for metal lift-off, and then used the metal layer as the etching mask, the same mold
pattern can be replicated exactly on the substrate. This NIL is promising as the solution
for future lithography because it integrates high-resolution, low-cost, high-throughput
and easy-to-operate all together. Therefore, NIL is well suited for the area of organic

electronics that requires low cost and high throughput fabrication with high resolution.

2.2 Transmission simulation using G-solver

To show that nanopatterned metal grating can be used as highly transparent
electrode, optical transmittance was calculated using Grating solver[39], commercial
software based on rigorous coupled wave analysis (RCWA). 700 nm period Cu grating
with a line-width of 70 nm (geometric aperture of 90 %) and a height of 40 nm was

considered. Transparent Cu electrode is well suited for practical organic electronic
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applications as a replacement for ITO as it has a similar work function to ITO (ca. 4.7eV)
and is one of the cheapest metals. Simulation (Fig. 2-2) predicts Cu grating is highly
transparent and it can be readily used as a transparent electrode. The optical transmittance
spectra of the Cu grating with a line-width of 70 nm for the period of 700 nm are quite

flat and the average transmittance in visible range is about 91 %.
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Figure 2-2 Transmittance simulation of the Cu grating on glass substrate. Cu
grating has a period of 700 nm, line-width of 70 nm, and thickness of 40 nm.

Other metals such as Au, Ag, and Al were also considered and exhibit similar
properties in terms of flatness of transmittance spectra and average transmittance.
Therefore, we can expect metal grating electrode is promising not only because it is
highly transparent, but also because the work function of transparent electrode side can

be easily changed by choosing different metals.
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2.3 Experimental details

2.3.1 Fabrication of the mold for transparent metal electrode (TME)
Fabricated nanopatterned TME consists of two grating structures orthogonally
positioned to each other. One is 700 nm period grating that defines the main part of the
transparent metal electrode because it determines the overall optical transparency. The
other is the 10 um period grating and is used to ensure the electrical connectivity of the
700 nm period grating lines in case some of lines may be disconnected due to defects in
the mold and the fabrication processes while minimizing the transmittance loss. The 10
um period grating also helps to distribute the current flow in the transparent electrode in a
quasi-2D fashion, which is important for addressing the organic devices in certain
applications. The optical transmittance of the metal electrode is dominantly determined
by the line-width of the grating lines, or equivalently, the opening ratio of the grating.

Therefore, it is important to fabricate each mold with narrow line-width.

2.3.1.1 Line-width reduction by shadow evaporation
A simple technique based on imprinting and shadow evaporation was developed
to allow grating structures with varied line-width to be fabricated while keeping the same

period. Figure 2-3 shows the schematic diagram of the shadow evaporation technique.
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Figure 2-3 Schematic diagram of the shadow evaporation technique.

This is critical step because the degree of the transmittance mainly depends on
the opening ratio of the fabricated electrode. Nanonex NX2000 naonoimprinter
(Princeton, NJ) is used for NIL process. For the fabrication of the 700 nm period mold
with narrow line-width, an original 700nm period SiO, grating mold with 50 % duty
cycle fabricated by the conventional photolithography (stepper) is used to imprint a MRI-
8020 resist (Microresist Technology GmbH) spin-coated on a SiO; substrate, at a pressure
of 600 psi and a temperature of 180 °C for 5 min. After cooling and demolding, Cr is

deposited using e-beam evaporation on each side of the imprinted resist by shadow
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evaporation technique as shown in Figure 2-3. Metal line-width can be easily varied at
this step by changing the thickness of the evaporated Cr. An anisotropic oxygen plasma
etching is used next to remove the residual resist in the imprinted areas. After this, an
additional thin Cr layer is deposited and used as SiO, etching mask after a lift-off in
acetone. SiO; is then etched using CHF3 of 20 sccm for 10 min with power of 150 W and
a pressure of 20 mT resulting in 200 nm depth of grating. Treatment of anti-sticking layer
(1H, 1H, 2H, 2H-perfluorodecyl trichlorosilane) of the mold after Cr removal completes
fabrication of mold with increased trench width. Figure 2-4(a) shows the SEM image of
original 700nm period mold with 50 % duty cycle. After imprinting using this mold thin
Cr layer is deposited on each side wall of the imprinted resist pattern by shadow
evaporation as shown in Figure 2-4(b). To fabricate the mold with line width of 200 nm
(Fig. 2-4(c)) and 120 nm (Fig. 2-4(d)), Cr of 65 nm and 100 nm were deposited on each

sidewall.

8016 10KU X23,808 {rm WD12

‘..

Figure 2-4 SEM images of (a) original 700 nm period mold, (b) after shadow
evaporation, and fabricated mold with a line-width of (c)120 nm and (d) 200 nm.
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2.3.1.2 Line width reduction by wet etching and shadow evaporation

To obtain higher optical transparency, the line-width of the original 700 nm
period grating with a 50 % duty cycle was alternatively reduced by a simple wet chemical
etching process rather than the shadow evaporation method used in the previous work. In
case of shadow evaporation, fabricated line of the mold is too rough to be used for
transparent metal electrode when thick metal (>100 nm) has to be deposited for higher
transmittance. Rough line would also increase the resistance of each line by surface
scattering. On the other hand, the wet etching approach produced gratings with smoother
sidewalls, which could help to reduce the surface scattering of electrons and therefore
increase the conductivity of the wire electrode. For this, an original 700 nm period SiO,
grating mold with a depth of 500 nm and a duty cycle of 50 % was etched by Buffered
HF improved purchased from Transene company for 80 s resulting in line-width of ~ 70
nm as shown in Figure 2-5(a). The SiO, etch rate was about 100 nm / min in BHF. The
second grating mold with a period of 10 um and a line-width of 850 nm first created by
conventional photolithography as shown in Fig. 2-5(b) was also etched by Buffered HF

improved to reduce line-width to 400 nm.
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Figure 2-5 (a) SEM image of the 700 nm mold with line-width of 70 nm fabricated
by BHF etching, (b) 10 um period mold with a line-width of about 800 nm
fabricated by conventional photolithography, (c), and (d) 10 um period mold with
reduced line width by BHF etching for 2 min.

In wet etching approach, one important thing is the thickness of the SiO, layer on
Si substrate. To fabricate the mold shown in Fig. 2-5(a), a starting 700 nm period oxide
grating was etched down to Si substrate before wet etching resulting in little variation of
the grating line between top and bottom of the structure. In case of 10 um period grating,
however, very thick (2um) oxide was used as a substrate and only 500 nm of oxide was
etched using dry etching to fabricate the starting mold. Therefore, the shape of the
resulting grating line has a triangular shape (Fig. 2-5(c-d)) because of the nature of the
wet chemical etching. However, this tapered shape was easily turned to vertical shape
through additional imprinting using this mold and shadow evaporation technique

discussed in previous section.
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2.3.2 Fabrication of rectangular grid mold

After the fabrication of two grating molds with narrow line-width, a new mold
with rectangular mesh grid was fabricated by applying NIL twice. Nanonex NX2000
naonoimprinter (Princeton, NJ) was used for the NIL process. Figure 2-6 shows the

schematic process diagram of the fabrication of the rectangular shape grid mold.
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1st NIL and Cr deposition
§ Resist coating
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SiO, etching Residual layer etching, Cr
and Crremoval  deposition, and lift-off

2nd NIL

Figure 2-6 Schematic diagram of the fabrication of the mesh type mold.

10um period mold was first used to imprint a 300 nm thick MRI-8030 resist
(Microresist Technology GmbH) spin-coated on a SiO, substrate, at a pressure of 600 psi
and a temperature of 180 °C for 5 min. After cooling and demolding, an anisotropic
oxygen plasma etching was used to remove the residual resist in the imprinted areas.
After this an additional 20 nm thick Cr layer is deposited and used as SiO, etching mask

after a lift-off in acetone. The 700 nm period grating molds with a different line-width
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(e.g. 200 nm, 120 nm, and 70 nm) were used for the second NIL and followed the same
procedure as above except that the substrate was turned to 90 ° in NIL. SiO, was then
plasma-etched using CHF; and CF4 of 15 sccm for 8 min with power of 100 W and a
pressure of 15 mT, which resulted in a 140 nm deep rectangular grid pattern. Treatment of
anti-sticking layer (1H, 1H, 2H, 2H-perfluorodecyl trichlorosilane) of the mold after Cr
removal completed fabrication of the mold with rectangular shaped grid patterns. Figure
2-7 shows the schematic of fabricated mold and SEM images of rectangular mesh grid

mold with different line-width in grating a.
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Figure 2-7 (a) Schematic of the fabricated mold. a: 700 nm, b: 10um. SEM images of
the fabricated mold with line width of (b)200 nm, (¢)120 nm, and (d)70 nm.

Three molds with different line width of 200 nm, 120 nm, and 70 nm were fabricated. All
molds have a common 10 um period grating to ensure the electrical connectivity of the
metal grid on glass. As shown in this work, NIL offers a variety of opportunity for the

fabrication of the various shape nanostructure. Apart from mesh structure, various shapes
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of nanometer scale particle structures such as square, diamond, and bar shape can also be

fabricated using NIL.

2.3.2 Fabrication of TME on glass substrate

To transfer the rectangular mesh grid patterns of the mold into a resist layer on a
glass substrate NIL was used again with same condition as above. Standard oxygen
residual etching, metallization, and lift-off completed the fabrication of the transparent
metal electrode on glass. Different metals of Au, Cu, Al, and (or) Ag electrodes with a
thickness of 40 nm were prepared using the method described above to show that the
fabrication process can be readily applied to various metals. Figrue 2-8 shows one of the
transparent metal electrodes with line width of 70 nm on glass substrate. As shown, a

uniform dense metal mesh structure was successfully created.

Figure 2-8 SEM image of the transparent metal electrode on glass substrate with a
line width of 70 nm.
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2.4 Experimental results and discussion

Optical transparency and electrical conductivity are the two most important
factors for transparent electrodes. They can be quantified experimentally by measuring
the transmittance and the sheet resistance respectively. The parameters for tuning the
transmittance and the sheet resistance in our structure are mesh line-width, metal
thickness, and periodicity of both grating lines. On the other hand, the metal thickness
and the overall mesh fill factor determine the sheet resistance of the structure. It is shown
that the two parameters can be controlled separately, providing sufficient design latitude
for optimal performance. To characterize the optical transmittance and the sheet
resistance (R-) of the semi-transparent electrodes, three sets of the samples (line-width:
200, 120, 70nm) having large area rectangular grids are prepared. All samples use 40 nm
thick metals with 2nm Ti adhesion layer. Several metals such as Au, Cu, Al, and (or) Ag
are tested in the experiment. Figure 2-9 shows the transmission spectra for each electrode
structure. The transmittance of the unpatterned metals (e.g. Au, Cu) was also shown as a

comparison. All the transmittance measurement was referenced to air.
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Figure 2-9 The optical transmittance of 40 nm thick transparent metal electrode

with line-widths of 200 nm (a), 120 nm (b), 70 nm (c), and unpatterned (d) on glass
substrate.

For metal electrodes with 200 nm line-width, average transmittance in the visible
range is 63 %, 58 %, and 61 % for Au, Al, and Cu electrode, respectively. As shown in
Figure 2-9(a), the transmittance is much dependent on wavelength in these cases and the
trend of wavelength dependency is different for different metals. We can increase the
transmittance by reducing metal line-width from 200 nm to 120 nm as shown in Figure 2-
9(b). The average transmittance is increased by more than 10 % as compared with the one
with 200 nm line-width but the same thickness. Moreover, the wavelength dependency is

much mitigated by using reduced line-width. The average transmittance for the metal
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electrode with 120 nm line-width and same thickness (40 nm) is 74 %, 75 %, 73 % for Au,
Al, and Cu electrode, respectively. The transmittance in longer wavelength region (above
700 nm) is over 80 % for all three metals. On the other hand, Au electrode shows high
transmittance in short wavelength region (below 500 nm) and low transmittance in mid
wavelength region (between 500 nm and 700 nm). Al electrode shows flatter
transmittance than Au electrode and transmittance is increased gradually as wavelength is
increased. Cu electrode shows intermediate behavior between Au and Al electrode. The
wavelength dependence of transmittance is correlated to the plasmon absorption band in
different metals. Much higher transmittance was achieved by reducing the line with
further (e.g. 70 nm) as shown in Fig. 2-9(c). The average transmittance in the visible
range is 84 %, 83 %, and 78 % for Au, Cu, and Ag electrode, respectively. Interestingly,
Ag electrode has lower transmittance than Au and Cu electrode even though it has same
line-width and thickness, which is believed to be related with dispersion property of the
Ag material. The transmittance of these metal electrodes is relatively flat over the visible
region. The wavelength dependency observed previously in the nanoimprinted metal
electrode having a wider line-width (e.g. 200 nm and 120 nm) was significantly reduced
by using narrower metal line-width, 70 nm. As a comparison, the optical transmittance of
the conventional high performance ITO electrode was also measured and shown in Fig.
2-9(c). ITO has a peak transmittance of 90% at 500 nm and an average transmittance of
87 % in the whole visible range. Figure 2-9(d) shows the transmittance spectra of
unpatterned metal film (e.g. Au, Cu). As shown, the transmittance of unpatterned metal
film is quite low (maximum transmittance at a specific wavelength is less than 60 % for
10 nm thick film) and not adequate as a general transparent and conductive electrode

even though their superior sheet resistance (a few ohm/square for 20 nm thick film).
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The increase in the transmittance by reducing the metal line-width is also
accompanied by the increase in sheet resistance. But such increase of the sheet resistance
can be compensated by using thicker metals. For instance, the average transmittance and
sheet resistance for metal electrode with 120 nm line-width and several thicknesses are

summarized in Figure 2-10.
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Figure 2-10 (a) Sheet resistance and average transmittance as a function of metal
thickness and (b) average transmittance vs. sheet resistance of transparent metal
electrodes with a line width of 120 nm.

The sheet resistance for the metal electrode with a line-width of 200 nm and
thickness of 40 nm is 7.68 Q/l], 8.45 Q/ 1, 10.8 Q/[1 for Au, Al, and Cu electrode,
respectively. Sheet resistance is increased from 7.68 Q/(1to 11.7 /71 for Au electrode by
reducing line-width from 200 nm to 120 nm for higher transmittance. The amount of
increase of the sheet resistance for Al and Cu electrode is similar to that of Au electrode.
As shown in Figure 2-10(a), the sheet resistance can be significantly reduced by making
metal electrode thicker. For example, sheet resistance of 11.7 Q/(1 for 40 nm thick Au
electrode is decreased to 4.79 Q/(1 for 80 nm thick Au electrode with only small reduction

in transmittance. For all considered case, the sheet resistance is decreased by more than
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59 % but the transmittance is decreased only by less than 8 % by using thicker metal
from 40 nm to 80 nm. These results are plotted in Figure 2-10(b). It can be seen from the
fitted line that the sheet resistance could be further decreased to less than a few Q/[] with
only small decrease of average transmittance if metals thicker than 80 nm are used. These
results confirm that transmittance and sheet resistance of the semi-transparent metal
electrode can be easily tuned by varying metal line-width and thickness. All the
measurement results such as average transmittance and sheet resistance is summarized in

Table 2- 1.

Table 2-1 Average transmittance and sheet resistance of various transparent metal
electrode.

Metal Line width | Rj Tavg
(hm) QO) | (%)
200 7.68 63
Au 120 11.7 74
70 24 84
200 10.8 61
Cu 120 14.89 73
70 28 83
Al 200 8.45 58
120 13.3 75
Ag 70 23 78
ITO 12 87

An important observation can be made from these results that the transparency of
such electrode structure can be increased without sacrificing the overall conductivity by
using narrower and thicker metal lines. This characteristic is another advantage over ITO

electrode in which the sheet resistance has to be compromised in order to achieve high

26



transmittance. Therefore, nanoimprinted transparent metal electrode is very promising not
only because it can prevent the disadvantage of ITO electrode but also because it can
meet the requirement of both sheet resistance and optical transmittance by optimizing the

duty cycle of the periodic patterns on the mold and the metal thickness.

2.5 Summary

In summary, a new type of transparent and conductive electrode based on
metallic structures was proposed as an attempt to replace the conventional transparent
and conductive electrode, ITO. A scheme was developed to fabricate transparent metal
electrode in the form of nanoscale periodically perforated metal mesh film which shows
high optical transmittance in the visible range as well as excellent electrical conductivity.
Transparent metal electrode can be used in many other applications instead of ITO for
which specific transmittance and conductivity are required because they are easily tuned
by varying the line-width and the thickness of the metals. Moreover, the work function of
an anode can be easily changed by choosing different metal materials which provide
more flexibility in studying the effect of anode work function on device behaviors.
Furthermore, similar structure can be made on flexible plastic substrate. Obtained results
indicate that transparent metal electrode is an attractive and potentially practical solution

as a transparent, conductive electrode.
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Chapter 3
Transparent Metal Electrodes on Flexible Plastic

Substrates by Metal Transfer Printing

3.1 Introduction

Organic optoelectronic devices such as organic solar cells (OSCs)[4, 40-43] and
organic light emitting diodes (OLEDs)[1, 2] offer promising alternatives to inorganic
counterparts particularly for specific applications such as packaging, clothing, flexible
screen that inorganic devices can not reach. These potentials are due to their low cost,
easy fabrication and compatibility with flexible substrate over large areas. So far, most of
those devices have been built on conventional transparent electrode, indium tin oxide
(ITO). However, it is not the best choice for low-cost and high-performance flexible
applications. The high quality I1TO, especially high conductivity, is hard to be achieved
because of the limitation in high temperature processing of flexible substrates. Thus, the
poor conductivity of the ITO film on flexible substrates[5, 44, 45] can cause a voltage
drop along the addressing line, thus limiting the operation of a large area passive matrix
OLED array[15] and reduce the fill-factor (FF) of the solar cell device resulting in low
power conversion efficiency (PCE) of large area OSCs[46]. The mechanical strength is
also not enough for flexible applications. The poor mechanical stability of the ITO can

cause device failure when the ITO-coated flexible substrate is bent[17, 30, 46]. Moreover,
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the price of ITO drastically increases due to the limited supply of the indium and the
increasing demand from the rapidly expanding display market. These aspects of the ITO
potentially prevent the realization of low cost and high performance large scale and
flexible OLED and OSC fabrication.

As demonstrated in Chap. 2, proposed nanopatterned transparent metal
electrodes[35] showed promising potential as replacement of the ITO electrode. However,
the lithographic technique used, nanoimprint lithography (NIL), for the fabrication of
transparent metal electrode is not compatible with the flexible substrate. The
conventional NIL requires high pressure and high temperature when imprinting
thermoplastic material, which can cause deformation of the flexible substrate. Therefore,
another nanoscale patterning technique which can easily produce the nanostructure metal
mesh pattern is needed. In this work, we demonstrate the nanoscale metal transfer
printing and its application to fabrication of nanostructured transparent metal electrode on
flexible substrate[47]. It is an additive technique that produce metal patterns directly on a
plastic substrate, which eliminates the additional processes such as oxygen reactive ion
etching (RIE) for residual layer etching and lift-off process used in conventional NIL
process as described in Chap. 2. The transparent metal (Cu) electrode on polyethylene
terephthalate (PET) substrate fabricated by transfer printing of nanoscale dense metal
mesh shows high transparency in the visible range as well as good electrical conductivity.
The mechanical strength of the Cu electrode on PET substrate under simple bending test
is shown to be superior to that of the conventional ITO. Therefore, the fabricated
transparent Cu electrode on flexible substrates is much more promising for organic

optoelectronic device application than ITO.
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3.2 Principle of metal transfer printing

The technique developed was inspired by the work on nanoscale patterning of
metal films with a flexible stamp as an advanced technique for nanofabrication[48]. In
this work, the transfer of metal films on the substrate relies on the chemical bonding
between those two surfaces leading to successful transfer. Recently, it has been reported
that the transfer of metal films on polymer substrates can be achieved by use of
noncovalent surface forces[49]. The adhesion difference in each surface played a role of
successful transfer.

Fig. 3-1 shows the schematic of the metal transfer printing onto a flexible
substrate. Flexible polydimethylsiloxane (PDMS) structure is used as a stamp because it
has very low surface energy[50]. Metals such as Au and Cu deposited on PDMS stamp
are transferred onto a flexible substrate from PDMS stamp with slight pressure (e.g. 10 -
30 psi) and heat of about 10 °C greater than glass transition temperature (Tg) of the
substrate. The temperature over the Tg of the plastic substrate will increase the adhesion
ability of the plastic substrate by forming a sticky surface. Alternatively, an interfacial

thin polymer layer can be used between metal and plastic substrate.

PDMS

>

Metal
- Slight Pressure ; »

YYYYYVYYY

< ) )

PET
Heat

Figure 3-1 Schematic of metal transfer printing on a flexible substrate.
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3.3 Experimental details

3.3.1 Fabrication of PDMS stamp
Flexible PDMS stamp is needed to transfer thin metal films from its protrusion
region onto PET substrate. Fig. 3-2 shows the schematic diagram of the fabrication

procedure of the PDMS stamp.

SiO, mold

Casting and curing \m\

il - - T
L o

(a) NIL (b) PDMS fabrication (c) PDMS demolding

Figure 3-2 Schematic diagram of the fabrication procedure for the PDMS stamp.

Resist template with nanoscale mesh patterns is first fabricated by conventional
NIL. The detailed fabrication procedure for the SiO, mold with mesh patterns for NIL
can be found in Chap. 2. The molds used in this work consist of two sets of grating
structure which are orthogonally positioned. One has a period of 700 nm, which defines
the main part of the semitransparent Cu electrode. The other has a period of 10 um,
which is used to ensure the electrical connectivity of the 700 nm period grating lines. A
Nanonex NX 2000 nanoimprinter (Princeton, NJ) was used for the NIL process. NIL is
done on MRI-8020 resist (Microresist Technology GmbH) spin-coated onto a SiO,

substrate at a pressure of 600 psi and a temperature of 180 °C for 5 min. After the
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sample has been cooled and demolded, PDMS is drop-casted on nanoimprinted resist
template. For easy generation of the nanoscale mesh patterns, recently developed high
modulus PDMS[51] was first drop-casted and cured at 70 °C for 10 min which gives 100
um thick PDMS on resist. The high modulus PDMS is a polymeric precursor formulated
with short chain oligomeric polysiloxanes to increase its crosslinking density after cured
by heat exposure. A high crosslinking density increases the stiffness of the cured PDMS
allowing the replication of structures in the nanoscale regime. Commercially available
PDMS, sylgard 184, is then drop-casted and cured at 70 °C for 2 hrs to support thin high
modulus PDMS for better durability. Three types of PDMS stamp with different line-

width were prepared.

3.3.2 Metal transfer printing on PET substrate

A 40 nm thick Cu and a 3 nm thick Ti are then deposited sequentially on the
PDMS stamp by e-beam evaporation at a rate of 2 A/sec. After brief O, plasma treatment
on PDMS surface on which Cu and Ti were deposited, a Cu layer coated on PDMS stamp

is transferred to PET substrate as shown in Figure 3-3.
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40 nm Cu /3 nm Ti :30psi, 100°C, 3min
(d) Metal deposition (e) Printing (f) Removing PDMS

Figure 3-3 Schematic of the metal transfer printing onto PET substrate
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O, plasma treatment oxidize whole Ti layer on Cu which make adhesion between
the metal and the PET substrate stronger resulting in higher fabrication yield. To form
intimate contact between the metal layer on protruded regions of the PDMS stamp and
PET substrate, uniform pressure of 30 psi and temperature of 100 °C for 3 min were
applied using nanoimprinter, NX 2000. It was found that 30 psi was the most effective
pressure for metal transfer. Pressure lower than 30 psi generates mesh pattern with non-
uniformity and pressure higher than 30 psi caused the metal layer in the recessed region
of the PDMS stamp also transferred to PET because of the shallow depth of the PDMS
stamp, 200 nm. The difference in adhesion strength between PDMS/Cu and Cu/PET
interfaces determines the success of the metal transfer. Since the PDMS has low surface
energy, the adhesion of Cu to it is poor. The elevated temperature (100 °C) will increase
the adhesion ability of the PET substrate by forming a sticky surface. It is also known
that the heating can reduce the surface energy of the PDMS stamp[49] which was
possibly increased by the surface modification of the PDMS during the electron beam
evaporation of the Cu film[52]. Fig. 3-4(a) and 3-4(b) show the perspective view of the
fabricated PDMS stamp with a line-width of 200 nm and 120 nm, respectively. Figures
3-4(c) and 3-4(d) show the top view of corresponding transparent Cu electrode with a
line-width of 200 nm and 120 nm on PET substrate. As shown, the dense metal mesh

pattern was successfully fabricated.
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Figure 3-4 The perspective view of the fabricated PDMS stamp with line width of (a)
200 nm and (b) 120 nm, and the top view of corresponding semitransparent Cu
electrode with line width of (c) 200 nm and (d)120 nm on PET substrate.

Since the metal transfer relies on the intimate contact between PDMS stamp and
PET substrate, the surface roughness of the PET substrate is an important parameter.
Initial PET substrate has RMS roughness of about 6 nm with peak to peak value of 20 nm.
Rough surface creates several defects causing disconnection of the metal mesh pattern,
which could limit the proper device operation. The surface roughness was significantly
reduced by annealing at temperature lower than Tg of the PET as shown in Fig. 3-5.
RMS roughness of 0.8 nm with peak to peak value of 2 nm was achieved by annealing

PET at 70 °C for 30 min.
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Figure 3-5 Surface roughness profile measured by Atomic Force Microscopy (AFM)
before and after annealing of the PET substrate.

3.3.3 Metal transfer onto PEDOT layer on flexible substrate

The direct metal transfer printing discussed above has a limitation in choosing
substrate material. Only the substrate with low Tg such as PET can be used for direct
metal transfer printing because it relies on the physical bonding process between
substrate and metals. As an expansion of the metal transfer printing, metal can be
transferred onto a polymer layer coated on the substrate instead of directly transferring
metal onto the plastic substrate. By using the interfacial polymer layer such as
PEDOT:SS, metal grid on PDMS stamp can be efficiently transferred on the substrate. In
this case, there is no limitation in choosing the substrate material and thus either soft or
hard substrate can be readily used. Fig. 3-6 shows the schematic of the metal transfer

printing onto PEDOT coated PET substrate.

35



N DD D —
AN P 7727227
““““ W 7777277
N
(HRRARRR! PEDOT coated PET
40nmCu/2nm Ti :10psi, 100°C, 2min
(a) Metal deposition (b) Printing (c) Removing PDMS

Figure 3-6 Schematic of the metal transfer printing onto PEDOT coated PET
substrate.

To demonstrate this, a 40 nm thick Cu was then transferred onto 30 nm thick
PEDOT:PSS layer spin coated on PET or SiO; substrate under a pressure of 10 psi and a
temperature of 100 °C for 2 min. It was found that lower pressure than that needed for
direct metal transfer printing on the PET substrate was needed. 0.1 wt. % glycerol was
added to PEDOT:PSS to prevent the solvent from evaporating, which made the
PEDOT:PSS layer sticky. The success of the metal transfer is determined by the
difference in adhesion strength between PDMS/Cu and Ti/PEDOT:PSS interfaces. Since
the PDMS has low surface energy, the adhesion of Cu to it is poor. Moreover, the sticky
surface of the unbaked PEDOT:PSS makes the adhesion of metal to it stronger during
printing process resulting in successful transfer of Cu mesh on to PEDOT:PSS layer. To
increase the yield of the printing process, the surface of the PDMS stamp can be treated
with anti-sticking layer (1H, 1H, 2H, 2H-perfluorodecyl trichlorosilane) before metal
evaporation. Fig. 3-7 shows the SEM images of the SiO, mold, resist template, PDMS
stamp, and transferred Cu mesh electrode on PEDOT:PSS coated PET substrate,
respectively. The Cu mesh electrode has a line-width of about 70 nm in this experiment.

As shown in Fig. 3-7(d), the large area Cu mesh pattern was uniformly transferred with
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high yield.
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Figure 3-7 SEM images of (a) the SiO, mold for NIL, (b) the resist template, (c) the
fabricated PDMS stamp, and (d) the transferred Cu mesh electrode onto
PEDOT:PSS coated PET substrate.

3.3.4 Demonstration of nanopatterned metal electrode on flexible
substrates using roll-to-roll nanoimprint process

The fabrication of the nanopatterned metal electrode using developed metal
transfer printing can be easily extended to cost effective and large area fabrication such as
roll-to-roll nanoimprint lithography (R2RNIL)[53, 54] due to the use of flexible molds.
To demonstrate the possibility, an attempt was made to fabricate Au metal gratings on
large area PET substrates using roll-to-roll process. Fig 3-8 shows schematics of a
continuous R2RNIL process, which consists of two processing steps: (1) the coating

process and (2) the imprinting-curing process.
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Figure 3-8 Schematics of R2ZRNIL process.(Courtesy of Se Hyun Ann[54])

For this work, surfactant treated epoxysilicone patterns (inset in Fig. 3-8) with a

period of 700 nm and duty cycle of about 50 % on PET substrate were used as a mold

and then 40 nm thick Au films are deposited on them. Au films on protrusions of the

mold are transferred onto UV epoxy on PET substrates as shown in Fig. 3-8.

3.4 Results and discussion

3.4.1 Transparent Cu electrode on PET substrate

Optical transparency and electrical conductivity, the two most important factors

for transparent electrode, were quantified experimentally by measuring the transmittance

and the sheet resistance, respectively. Fig. 3-9 shows that the optical transmittance results

and photograph of the semitransparent Cu electrode on PET in bent condition, showing

the flexibility of the electrode coated substrate.
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Figure 3-9 (a) The optical transmittance and (b) the photograph of the transparent
Cu electrode on PET fabricated by direct transfer from PDMS stamp.

The measured optical transmittance was referenced to PET substrate in this case.
As shown in Fig. 3-9, the transparent Cu electrodes are highly transparent in the visible
range. The average transmittances are 61 % and 75 % for Cu electrode with a line-width
of 200 nm and 120 nm, respectively. The results confirm that the transmittance was
increased much by decreasing line-width of the mesh structure. The associated sheet
resistance are 10 Q/1 and 14.8 Q/71 for line width of 200 nm and 120 nm, respectively.
The increased sheet resistance by reducing line-width can be compensated by transferring
thicker metal. For transparent metal electrode, the line-width should be narrower for high
transmittance which means that the portion of light through narrow metal line is small.
Therefore, there is small dependence of transmittance on metal thickness. Simulation on
transmittance vs. metal thickness for Cu grating with a line-width of 120 nm shows that
the average transmittances in the visible range are 82.4, 80.4, 79.4, 78.7,and 78.1 % for

20, 40, 60, 80, and 100 nm thick transparent Cu electrode, respectively. For Cu thicker
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than 40 nm, the average transmittance did not change much because 40 nm thick metals
can block the light efficiently. Therefore, it is expected that increasing thickness by a
factor of 5 can decrease the sheet resistance by the same order but the transmittance by
only slight decrease. It should be noted that wavelength dependency of the transmittance
of the semitransparent Cu electrode on PET substrate is different from that on glass
substrate shown in Chap. 2. The dip in the transmittance in case of PET substrate was
red-shifted compared with that on the glass substrate but the overall trend of the
transmittance is similar. 2 nm thick Ti layer was used as adhesion layer for glass
substrate. On the other hand, 3 nm thick oxidized Ti layer was used between Cu layer
and PET substrate. The wavelength dependence of transmittance is correlated to the
plasmon absorption band in the metal which is known to be very sensitive to refractive
index change of the adjacent material[55]. From this result, it could be expected that the
transmittance dip can be intentionally changed by adjusting the Ti layer thickness for
higher transmittance at desired wavelength region. Moreover, it would be possible to
make the transmittance in the visible range flatter by tuning refractive index of adjacent

material.

3.4.2 Transparent Cu electrode on PEDOT coated PET substrate

The optical transmittance of the fabricated Cu mesh electrode on PEDOT coated
PET substrate in the visible wavelength range was measured and shown in Figure 3-10.
As a comparison, the optical transmittance of the commercial ITO electrode (Sigma
Aldrich, 60 Q/7) was also measured and included in the figure. All the transmittance

measurement was referenced to air in this experiment.
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Figure 3-10 Optical transmittance of 40 nm thick Cu nanowire mesh electrode with
the sheet resistance of 22 /00 on PET substrate and the commercial 1TO electrode
on PET substrate (60 Q/0). Inset: the photograph of the flexible Cu mesh electrode
on PET substrate.

ITO has a peak transmittance of 85 % at 465 nm and an average transmittance of
82 % in the whole visible range. The transmittance of the Cu mesh electrode is very flat
over the visible region and the average transmittance is about 78 %. The wavelength
dependency of the transmittance of Cu electrode was much relieved by reducing the line-
width to 70 nm. The measured sheet resistance of the transparent Cu electrode is 22 Q/,
about three times lower than that of the ITO. One should note that in contrast to the ITO,
the sheet resistance of the transparent metal electrode can be reduced further by using
thicker metal with little reduction of the transmittance.

The fabricated Cu electrode on PEDOT coated PET substrate was found to be
much more flexible than the ITO through the simple bending test and the results are

shown in Figure 3-11. In case of the transparent Cu electrode, it can be bent down to a
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radius of about 3 mm with no degradation of the conductance. On the other hand, the ITO
exhibited that the conductance started to decrease at a radius of ~20 mm. One should note
that the conductance of the ITO was measured right after the specific bending radius was
reached. At even a radius of ~20 mm the conductance gradually decreased and reached
close to zero. Reduced conductance is not recoverable due to the permanent cracks
formed in ITO. Micro-cracking in ITO film on the order of 20 um was observed after

bending test.
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Figure 3-11 Normalized conductance vs. inverse of the radius curve of the Cu mesh
and ITO electrode. The Cu mesh electrode showed a superior flexibility and can be
bent down to ~3 mm with no degradation of conductance.

3.4.3 Nanopatterned metal electrode on flexible substrates using roll-to-
roll nanoimprint process
Fig. 3-12 shows Au nanogratings on PET substrate fabricated by R2RNIL

process.
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Figure 3-12 Photograph of large area (32 mm x 184 mm) Ag nanogratings on PET
substrate. Inset shows the SEM image of fabricated Au gratings.”

As shown, large area (32 mm x 184 mm) nanopatterned Au electrodes were
successfully fabricated. This result implies that the fabrication of the nanopatterned metal
electrode can be easily extended to R2RNIL process, which could help to realize low cost,

large area transparent electrode.

3.5 Summary

In this study, transparent Cu electrode on the PET substrate created by nanoscale
metal transfer printing was demonstrated. Nanoscale dense metal mesh pattern was

successfully replicated by using high modulus PDMS stamp. The fabricated transparent

" Fabrication of Au nanogratings using R2RNIL process was done by Se Hyun Ahn.
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Cu electrode showed high transmittance in the visible range and good electrical
conductivity. The transparency of such an electrode structure can be increased without
sacrificing the overall conductivity by using narrower and thicker metal film. This
characteristic is another advantage over an ITO electrode, in which the sheet resistance
has to be compromised to achieve high transmittance. As demonstrated, metal transfer
printing is the simple method and can be easily expanded to low cost, large area
fabrication such as R2RNIL process[53,54]. Fabricated Cu mesh electrode showed a
greater flexibility than conventional 1TO electrode with high optical transmittance and
electrical conductance. Therefore, the use of cheap material such as Cu and simple
fabrication method could help to realize low cost, large area flexible organic

optoelectronic devices such as OSCs and OLEDs.
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Chapter 4
Metal Transfer Assisted Nanolithography on Rigid

and Flexible Substrates

4.1 Introduction

A low cost and efficient lithography technique that can produce nanometer scale
feature is essential for future plastic optoelectronics, biotechnology, and other technical
fields. Nanoimprint lithography (NIL)[36], metal transfer printing[47-49], and soft
lithography[56] (e.g. microcontact printing) are potential candidates because they require
only simple tools such as molds, stamps, presses, and/or self-assembled monolayers
(SAMs) but can create nanometer scale pattern efficiently. Microcontact printing uses
elastomeric stamps such as PDMS to form patterns of SAMs on the surfaces of substrates
such as Au and Ag. Metal patterns are then created by selective wet etching[57, 58]. In
metal transfer printing, the nanometer scale metal pattern is transferred from stamps to
substrates directly by means of covalent interactions or difference in surface adhesion
properties between the metal and the substrates. Organic devices such as organic light
emitting diode and organic thin film transistors were recently demonstrated using metal
transfer technique. However, several issues need to be addressed before it can be used as

a lithography technique for future flexible electronics. First, the previously demonstrated
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method requires either a specific covalent interaction or very flat plastic surface for
faithful transfer printing. Second, the technique works efficiently only for metals with
weak adhesion to stamp (e.g. Au). Also the adhesion to substrates is relatively poor
without relying on covalent interaction. In future flexible optoelectronics, a variety of
metals and high adhesion characteristic[59] may be required as electrode materials on
flexible substrate. In this work, we demonstrate an alternative nanolithography technique
based on metal transfer printing, in which the transferred metal acts as a etch mask for
pattern transfer to the substrate. There are several advantages of this nanolithography
technique. First, it can be applied to plastic substrate as well as rigid substrate due to the
use of an intermediate polymer layer, and the low pressure and temperature in the metal
transfer process. Second, it can create both large (micron size and larger) and small (nm
size) pattern at the same time which are challenging for conventional NIL[60]. Third, the
naturally formed undercut in polymer layer after oxygen RIE makes lift-off process of
nanometer scale size very easy. Fourth, a variety of metals can be used by using a thin
layer of adhesion metal (e.g. Ti) for high adhesion characteristic of metal electrode on
substrates. Lastly, this lithography can be potentially extended to roll-to-roll processing

due to the use of flexible stamp.

4.2 Principle of metal transfer assisted nanolithography

The technique developed was motivated by the work on the fabrication of metal
mesh pattern using the metal transfer printing process[47]. The metal transfer printing
was shown to be very effective for the production of dense nanoscale metal mesh pattern

on a flexible substrate. However, there are a few drawbacks which prevent that from
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using as a general lithography technique. There is a limitation in choosing substrate when
direct metal transfer on substrate is used. Even though the use of an interfacial polymer
layer can solve that problem, it causes another issue. It is very hard to apply another
lithography step (e.g. Photolithography and NIL) to build additional structure because the
interfacial polymer is attacked by the pattern transfer process such as wet chemical and
dry etching. In developed metal transfer assisted nanolithography as shown in Fig. 4-1,
metal is transferred onto the polymer layer and the transferred metal act as a etch mask of
the polymer layer underneath instead of using as an electrode. After removing the
exposed polymer layer using oxygen reactive ion etching (RIE), another metal acting as
an electrode is deposited and lifted-off. Any kinds of metal electrode can be fabricated
using this technique by depositing different metal. Moreover, there is no limitation in

choosing substrate, metal, and additional lithography on top of the fabricated electrode.
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Figure 4-1 Schematic diagram of metal transfer assisted nanolithography
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4.3 Experimental details
4.3.1 Fabrication of PDMS stamp

The details of the fabrication of the PDMS stamp in nanoscale can be found in
Chap.3. The fabricated PDMS stamp has a period of 220 nm and line-width of 100 nm.

Fig. 4-2 shows SEM images of the fabricated PDMS stamp.

Sylgard 184

10.0

Figure 4-2 SEM images of the fabricated PDMS stamp in this work. The period is
220 nm, the line-width is 100 nm, and the depth is 100 nm.
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4.3.2 Metal transfer assisted nanolithography

Resist template for the fabrication of PDMS stamp was first prepared by
conventional NIL and PDMS stamp was fabricated as described in Chap. 3. The
replicated pattern on the PDMS stamp has a period of 220 nm and a line-width of 200 nm.
After the fabrication of the PDMS stamp, a 10 nm thick Au and 5 nm thick Ti were
deposited sequentially on the PDMS stamp by e-beam evaporation at a rate of 2 A/sec. As
shown in Fig. 4-1, an intermediate polymer layer is required for metal bonding and the
pattern transfer by O, RIE. Spin-coated Poly(methyl methacrylate) (PMMA) was used for
this purpose. The metal coated PDMS stamp was then laminated onto a 180 nm thick
PMMA layer on the substrate. For this work, SiO,, glass, PET substrate were used as
substrates. A slight pressure of 10 psi was applied to the stamp to ensure an intimate
contact between the metal layer on the PDMS stamp and the PMMA layer. At the same
time, a temperature of 115 °C was applied for 2 min to make PMMA sticky for better
adhesion to the metal layer. After cooling down to room temperature, removing the
PDMS stamp from the PMMA layer left the metal grating on the PMMA layer from the
protrusions on the PDMS stamp. This is an additive process that relies on the difference
in the surface adhesion characteristics between the PDMS-metal and the metal-PMMA
interfaces. It has been known that PDMS has much lower surface energy than
PMMA[50]. Moreover, a temperature above Tg of the PMMA will increase the adhesion
ability of the PMMA to the transferred metal patterns with high yield. After the metal
transfer, the PMMA layer was etched by oxygen RIE with transferred metal as the etch
mask. “LAM 9400”, commercially available plasma etcher was used for removing the
exposed PMMA layer. The etching condition for pattern transfer is the power of 100 W

for TCP and 30 W for bias; the pressure of 20 mT; the O, flow of 20 sccm. The etch rate
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for PMMA is 6 nm / sec. 180 nm thick PMMA was etched for 40 sec (30% over etching).
Usually, the oxygen RIE with low power can not etch the metal at al so we assume that
the etch selectivity between the gold/titanium and the PMMA is almost infinity. This
should be true for short period of time of oxygen RIE used in this work. Therefore, due to
the large difference in the etch rate between the metal and the PMMA, an undercut
feature was formed naturally below the metal mask, which made lift-off process of

nanoscale pattern very easy.

4.2.3 Fabrication of nanoscale metal particle arrays

As an expansion of metal transfer assisted nanolithography, dense nanoscale
metal particle arrays can be easily fabricated from a nano-mesh template produced by
transferring metal grating twice sequentially. For this process, the first metal grating was
transferred as described in above. The second metal grating was then transferred with an
angle (e.g. 90° or 30°) with respect to the first grating. A different period of grating can
also be used for the second metal transfer, which can create metal particle arrays with
different shapes and sizes. One difference in the metal transfer process between the first
and the second metal grating transfer is the pressure. To make an intimate contact
between the second metal grating and the exposed PMMA region between the first

transferred metal gratings, higher pressure (e.g. 20 psi) was needed.

4.2.4 Measurement of Localized Surface Plasmon Resonance (LSPR) of
patterned metallic nanoparticles
Localized surface plasmon resonance (LSPR) are collective charge-density

oscillations excited by an incident light of certain frequency, and exhibit a high-degree of
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tunability based on the shape, size, composition and the spacing of the nanoparticle
system. The ability of noble metal nanoparticles to transduce dielectric changes through
the shift of their LSPR has attracted tremendous interest for sensor applications.
Absorbance measurement was performed to obtain the LSPR spectra of the metal
nanoparticles. We used a Nikon TE300 Eclipse inverted microscope with transmitted
light coupled into an Ocean Optics fiber-coupled spectrometer using an achromatic lens.
For polarization dependent extinction measurements, a linear polarizer mounted in a
rotating module was aligned to the optic-axis of the microscope directly above the sample

stage. All measurements were taken using normal incident light referenced to air.

4.2.5 Reduction of the pattern line-width

Another extension of the technique is the reduction of the feature size of the
pattern (Fig. 4-3). We used dense line and spacing pattern as an example to illustrate such
a process. As shown in Figure 4-3, by angled-evaporation (~20°) metal was deposited
only on top and the two sides of the grating on the PDMS stamp. This process was also
referred to as the shadow evaporation technique. Evaporated metal was then transferred

onto PMMA layer as described in section 4.3.2.
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Figure 4-3 Schematic of shadow evaporation of metals to reduce pattern line-width.

After the metal transfer to the PMMA layer, the pattern can be further transferred
to the substrate as shown in Fig. 4-1 with same condition. The resulting pattern line-width
is reduced by the thickness of the metal on the PDMS grating sidewall during shadow
evaporation. In our experiment, 25 nm thick Au and 10 nm thick Ti were deposited at one
direction and 25 nm thick Ni and 10 nm thick Ti were deposited at the other direction.
Nickel was needed to bond between first metal (Au/Ti) and second metal (Ni/Ti) so all

the metals were transferred. When gold was used as second layer, only second layer was

52



transferred due to the poor adhesion property of Au. The reduction of pattern line-width is

a simple yet effective approach for producing smaller feature sizes.

4.4 Results and discussion

Figure 4-4(a) and 4-4(b) show the SEM images of the transferred metal grating
pattern on the PMMA layer with a period of 700 nm and 220 nm, respectively. Figure4-
4(c) shows the cross section view after O, RIE of figure 4-4(b). The undercut feature,
formed naturally during O, RIE due to the different etch rate between the metal and the
PMMA, was clearly visible and made a subsequent lift-off process very easy. After
metallization and lift-off, 220 nm pitch dense metal grating with a line-width of 100 nm
was achieved on the PET substrate and shown in Figure 4-4(d). The line-width of the
final metal grating follows the dimension of the trench patterns on the PDMS stamp,
which shows that the resolution of metal transfer assisted nanolithography is mainly
dependent on the minimum feature size achievable on the PDMS stamp. It is expected
that the resolution of this lithography can be further enhanced by fabricating high
resolution PDMS stamp. In microcontact printing, one of the useful techniques for
patterning metal, metal pattern is formed by selective wet etching with SAM layer as a
mask. However, the control of the line-width and resolution is not easy when relying on
wet etching. Moreover, it is hard to fabricate thick and dense nano-meter size metal

pattern because of the isotropic characteristic of the wet etching.
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Figure 4-4 SEM images of the transferred metal grating pattern onto PMMA layer
with a period of (a) 700 nm on the SiO;, substrate and (b) 220 nm on PET substrate,
(c) after O, RIE of (b) in case of SiO; substrate, and (d) after metallization and lift-
off process of (c)

Nanosize metal particle arrays were created by transferring two metal gratings
sequentially. After the first metal transfer, the second metal grating can be transferred
with different angles to the first grating to generate various shapes of metal particle arrays.
As shown in Figure 4-5(a) and 4-5(b), the second metal grating was transferred
orthogonal and about 30° to the first grating, respectively. To obtain different shape or
dimension of the metal nanoparticle array, different period of grating (e.g. 700 nm) can be
used for the second metal transfer as shown in Figure 4-5(c). Figure 4-5(d)-4-5(¢) show
the corresponding SEM images after metallization and lift-off process of Figure 4-5(a)-4-

5(e), respectively.
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Figure 4-5 SEM images of the sequentially transferred two metal gratings (a-c) and
the corresponding nanosize metal particle arrays on PET substrate after
metallization and lift-off process (d-f). Two 220 nm period gratings were transferred
orthogonally (a) and with an angle of ~30° (b). (¢c) A 700 nm pitch grating was
transferred orthogonally to a 220 nm period grating. (d-f) Nanosize metal particle
arrays with different shapes such as square (d), diamond (e), and nanobar (e) after
metallization and lift-off process of (a-c)

The large area and dense metal particle arrays in the form of nanosquare,
nanodiamond, and nanobar were created on PET substrate with high yield. The typical
sample size is approximately 1 inch? and only limited by size of the original PDMS
stamp. Therefore, metal transfer assisted nanolithography offers another effective route to
fabricate large area and uniform plasmonic arrays for sensor application.[55] The

localized surface plasmon resonance spectra of the nanosquare are shown in Fig. 4-6.
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Figure 4-6 Localized surface plasmon resonance spectra of nanosquare arrays
obtained for linearly polarized incident light aligned with shorter axis a (), and
longer axis b ().

The two curves correspond to extinction spectra measured by using polarized light of two
orthogonal polarizations, one along the longer axis (b) and the other shorter axis (a). The
lower energy peak associated with the LSPR along the longer axis was consistent with
previous reports. The distinct polarization dependence is due to the aligned orientation of
the particle array.

As described earlier, the pattern line-width can be further reduced by depositing
metals on the side of the PDMS grating. Figure 4-7 shows the SEM and photograph
images of the metal grating fabricated using this technique, where the line-width of the

pattern was reduced to 50 nm from the original 100 nm.
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Figure 4-7 (a) SEM image of the metal grating on PET substrate after line-width
reduction. The inset shows is a zoom-in view showing that the line-width was
reduced to 50 nm. (b) and (c) photographs of the transparent metal electrode on
PET and glass substrates using metal transfer assisted nanolithography, respectively.

The maximum line edge roughness of the fabricated 50 nm wide metal grating is
less than 10 nm based on Fig. 4-7 which means that the sidewall roughness after angled-
evaporation on PDMS stamp is in the same order. As shown in Fig. 4-7(b) and 4-7(c), the
reduction of line-width of the metal grating may find useful application in transparent
metal electrode[35] in which the line-width needs to be reduced for high optical

transmittance.

4.5 Summary

In this study, metal transfer assisted nanolithography was demonstrated. Due to
the use of an intermediate polymer layer, and the low pressure and temperature in the
process, this lithography technique can be used on flexible substrate as well as hard
substrate. Transferred metal layer was used as etch mask for pattern transfer to substrate.
Naturally formed under-cut feature after O, RIE greatly facilitated the lift-off process and

ensured high vyield patterning over large area. Large area and dense nanosize metal
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particle arrays with different sizes and shapes were created on flexible substrate with high
yield by transferring two metal gratings. Pattern line-width was reduced to 50 nm in
metal grating by depositing metals on the PDMS grating sidewall during shadow
evaporation. As demonstrated, the metal transfer assisted nanolithography can be readily
used as a low-cost and high resolution lithography technique on any substrate including

flexible and hard substrate.
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Chapter 5
Organic Light Emitting Diodes (OLEDs) with

Transparent Cu electrodes

5.1 Introduction

Organic light emitting diodes (OLEDSs) are promising for full color, full-motion
flat panel display applications[1-3] since they have several advantageous features such as
ease of fabrication, low cost, light-weight, bright self-emission, wide-viewing angle, and
possibility for flexible display. The basic OLED structure consists of a number of organic
semiconductor layers sandwiched between a cathode and an anode. For efficient electron
injection into the organic layers, low work function materials are required for the cathode.
A very thin LiF layer with thick Al capping[61] is widely used for this purpose. For the
anode, the indium tin oxide (ITO) is the predominant choice because it offers
transparency in visible range as well as electrical conductivity[7-9]. However, several
aspects of ITO are far from optimum for high performance OLED. It is known that the
migration of indium and oxygen from ITO into organic semiconductors during operation
of OLED causes device degradation[10, 11]. The electrical properties of ITO depend
much on the film preparation[12, 13]. Rough surface of the deposited ITO film and the
work function of ITO, ~4.7 eV, limit the efficiency of the hole injection[14]. The typical

sheet resistance for a 100 nm thick 1TO, 20~80 Q/, is still high so it causes voltage drop
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along the addressing line resulting in limiting the operation of a large area passive matrix
OLED array[15]. Moreover, the cost of ITO escalates in recent years because of the price
jump of the indium element. Several alternative materials such as TiN[62], Al-doped
Zn0J[22], and fluorine tin oxide[18] have been investigated as anode instead of ITO,
however none are optimal as anode in OLED because they suffer from either lower work
function than ITO or lower conductivity. Other transparent conducting oxides such as Ga-
In-Sn-O (GITO), Zn-In-Sn-O (ZITO), Ga-In-O (GIO), and Zn-In-O (ZIO) which have
higher work function than ITO and similar electrical conductivity to ITO have also been
examined as an OLED anode[63]. However, they are potentially problematic because of
the indium element which possibly diffuses into the organic layer in the OLED and
makes those electrodes expensive. Besides these materials, several metals with high work
function such as Au[14], Ni[31], and Pt[32] were investigated as anodes for OLEDs. In
these cases, metal was used to modify the surface of ITO electrode or as anode for top
emitting devices. Surface modified thin Ag film[33, 34] was used as semi-transparent
electrode instead of ITO but its transparency was low. Recently, carbon nanotube films
were investigated as transparent, conductive electrode[27, 29, 30, 64] but they have high
sheet resistance which may limit the device performance. In this work, we evaluate the
potential of the transparent Cu electrode as an OLED anode. The fabricated transparent
metal electrode offers several advantages over ITO for OLED applications. First, several
problems associated with 1TO can be eliminated, such as device degradation by indium
diffusion and high cost. Second, efficient hole injection to the organic semiconductor can
be obtained by choosing metals with high work function, such as Au or Pt. Third,
transparent metal electrode is potentially suitable for top emitting device and tandem

structure. Last but not the least, output efficiency of OLED can be enhanced by
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preventing waveguiding in ITO layer due to its high refractive index, which is the one of
the limitations to the external efficiency of OLEDs[65], and by forming two-dimensional

hole array with proper periodicity[66, 67].

5.2 Experimental details

5.2.1 Fabrication of OLEDs on glass substrates

To demonstrate the potential use of the transparent Cu electrode as transparent
conducting electrode for optoelectronic devices, organic light emitting diode (OLED) is
fabricated using such electrode as anode. Though Au is preferred due to its high work
function for efficient hole injection, results of using Cu as anode material is presented
because of its much lower cost and has a similar work function to ITO (~4.7 eV). Cu
material, being one of the cheapest metals, is well suited for practical organic electronic
applications. 40 nm thick semi-transparent Cu electrodes with 200 nm and 120 nm line-

width are chosen as anodes in OLED. Fig. 5-1 shows the SEM image of the transparent

Cu electrode on glass substrate.

m-mmmnmmmmumlmllmm"mmmmmmuﬂm
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Figure 5-1 SEM images of the transparent Cu electrodes with line-widths of (a) 200
nm and 120 nm, respectively.
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Transparent Cu anodes on glass are cleaned in acetone and IPA under sonication
for 20 min each and then exposed to brief (30 s) oxygen plasma (80 W, 250 mT, 17 % O,)
to thoroughly remove organic residue. The plasma treatment also makes the metal anode
more hydrophilic for easy spin coating of the hole transport layer, PEDOT:PSS.
Commercially available high resistivity PEDOT:PSS, Baytron CH8000, was used.
Filtered PEDOT:PSS is then spin-coated on Cu anode at 1.5k rpm for 30 s which
produces an 80 nm thick layer and then baked at 120 °C for 1 hr. Next the emissive
organic layer poly[2-(2-etylhexyloxy)-5-methoxy-1,4-phenylenevinylene](MEH-PPV)
(0.5 % by weight dissolved in toluene) is spin coated after filtration on PEDOT layer at 1
krpm for 30 s which gives 50 nm thick layer and then baked in vacuum oven for 24 hrs at
ambient temperature. Thermal evaporation of 1 nm thick LiF followed with 100 nm thick
Al through shadow mask completes the OLED device fabrication. Fig. 5-2 shows the

fabricated OLED schematic.

Cathode (LiF/Al)

R = =

Substrate (Glass or PET)

Figure 5-2 Fabricated OLED device schematic. The OLED device consists of a
transparent Cu mesh electrode as the anode, PEDOT:PSS as the hole transport layer,
MEH-PPV as the emissive layer, and LiF/Al as the cathode.
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5.2.1 Fabrication of OLEDs on PET substrates

A flexible OLED was also fabricated using such an electrode as the anode. Cu is
well suited for practical flexible display for which light-weight and low cost fabrication
are essential because of its work-function (ca. 4.7 eV) and cost. Transparent Cu electrode
with a thickness of 40 nm and line-width of 200 nm was chosen as anode in the OLED in
this experiment. Fig. 5-3 shows the SEM image of the transparent Cu electrode used in

this experiment, fabricated by Cu transfer printing on PET substrate.

AccV Magn WD F——————1 5pm
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Figure 5-3 SEM image of the transparent Cu electrode with a line-width of 200 nm.

The flexible OLED device structure is same as that built on glass substrate.
Device fabrication details are similar to the fabrication of OLED on glass substrate. The
only difference was that the PEDOT layer was baked at 60 °C for 4 hrs in nitrogen

purged oven instead of 120 °C because PET has low Tg, 79 °C.

5.3 Results and discussion

Fig. 5-4 shows the current density vs. voltage and electroluminescence
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characteristics of the OLEDs using transparent Cu anodes on glass substrate.
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Figure 5-4 (a) Current density vs. applied voltage and (b) electroluminescence
characteristics of OLEDs with semi-transparent Cu anode.

The junction exhibits good rectifying characteristics. The turn-on voltages of
these OLEDs are similar to the control samples made with ITO electrodes. The OLED
made with 120 nm line-width Cu anode shows a slightly higher turn-on voltage than that
made with 200 nm line-width Cu anode and as a result lower current density at given bias
after the device is turned on. As a comparison, the current density vs. voltage
characteristic of an OLED made with 40nm thick continuous Cu film as anode is also
shown in Fig. 5-4(a). It shows similar characteristic to OLED made with the
nanoimprinted Cu anode, only with a slightly higher current density at given bias. From
these results, we can deduce that the overall mesh fill factor does not significantly affect
the device’s electrical performance. Both devices show strong electroluminescence
peaked at 577 nm, which is the same as the photoluminescence peak of MEH-PPV as
shown in Fig. 5-4(b). Though we do not have a set up to quantify the total output power

of these OLEDs, to naked eyes the device made with transparent Cu electrode is as bright
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as the control sample made using ITO electrode. Upon optimization, such semi-
transparent metal electrode could be used to replace the ITO anode.

Fig. 5-5 shows the current density versus voltage and the photograph showing
light emission from the flexible OLED made with transparent Cu electrode on the PET

substrate fabricated by metal transfer printing.

1200

1 @
1000+

1 [——Cu with 200nm line-width|
800 4

Lit LED

600+
400+

2004

Current Density (mA/cm?)

Voltage (V)

Figure 5-5 (a) Current density versus voltage and (b) the photograph showing light
emission from the OLED made with semitransparent Cu as transparent anode in
bent condition.

The junction also exhibits good rectifying characteristics. The electrical
characteristics of OLED made with transparent Cu electrode are similar to those in
literature[68] with same organic material and ITO electrode. The turn on voltage is
around 5V and devices have similar current density at given bias after devices are turned
on. Upon optimization, such transparent metal electrode could be used to replace the ITO

anode, and with an enhanced flexibility on plastic substrate[59, 69].
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5.4 Summary

As an application of the transparent metal electrode, OLEDs were demonstrated
using transparent Cu electrode as anode to replace the conventional ITO electrode on
both flexible and hard substrate. They showed good rectifying characteristic and
comparable electroluminescence to ITO device. The work function of an anode can be
easily changed by choosing different metal materials in case of transparent metal
electrode which provide more flexibility in studying the effect of anode work function on
device behaviors. Transparent metal electrode is also potentially suitable for top emitting
device and tandem structure. Moreover, output efficiency of OLED can be enhanced by
preventing waveguiding in ITO layer and by forming two-dimensional hole array with
proper periodicity. Therefore, transparent metal electrode is an attractive and potentially
practical solution for organic light emitting devices. As a future work, the quantitative
analysis the OLED made with transparent metal electrode and conventional ITO

electrode is needed.
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Chapter 6
Organic Solar Cells (OSCs) with Transparent
Metal Electrodes

6.1 Introduction

Cost effective and highly efficient renewable energy is becoming ever more
important in our age of rising energy prices and global climate change. Solar energy is a
non-exhaustible and green energy. Organic solar cells (OSC) have the merits of low cost
and simplistic fabrication in addition to compatibility with flexible plastic substrates over
large areas. They have therefore been considered a promising energy conversion
platform for clean and carbon-neutral energy production[4, 42]. In recent years, the
power conversion efficiency (PCE) of OSCs based on conjugated polymers has steadily
increased through improved energy harvesting, enhanced exciton separation through
improved device structures[70], and optimization of processing parameters such as
solvent evaporation time[71] and annealing conditions[72, 73]. Most of OSCs have
been built on indium tin oxide (ITO) substrates because ITO offers transparency in the
visible range of the electromagnetic spectrum as well as good electrical conductivity.
However, ITO is not an optimum electrode for solar cell applications because it has been
reported that the band structure of ITO hinders efficient photocurrent generation[16].

Moreover, the poor mechanical stability of ITO can cause device failure when an ITO-
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coated flexible substrate is bent[17]. In addition, the limited supply of indium and the
increasing demand from the rapidly expanding display market have increased the cost of
ITO drastically, which potentially prevents the realization of low cost and large scale
OSC fabrication. Therefore, there is a strong need to find an alternative material to
replace ITO as a high transparency electrode. Some recent examples that have been
investigated are nanotube networks[29, 30, 74, 75] and Ag wire grids[76, 77].

In this work, organic solar cells with high transparency metal wire grid electrodes
are demonstrated. The high transparency metal electrodes have several advantages over
other highly transparent electrodes including ITO for organic solar cell applications. First,
the work function of nanopatterned transparent metal electrode can be easily tuned by
choosing different metal materials, which allows systematic studies of the effect of the
electrode work function on the device performance. Second, a high electrical
conductivity can be achieved without seriously compromising the transparency[35].
Third, the light absorption and the resulting power conversion efficiency of OSC can
possibly be increased by means of a light trapping phenomenon induced by the grating
structure[78-81]. Lastly, large area organic solar cell having a transparent metal electrode
could be realized at a low cost by using a newly developed roll-to-roll nanoimprint
technique[53]. It is demonstrated that the power conversion efficiency of OSCs having
nanopatterned metal electrodes (e.g. inexpensive Cu material) is comparable to that of the
analogous cells using high performance ITO electrode for both glass and PET substrate.
It is also shown the effect of the anode work function on the OSC’s fill factor (FF) and
the photocurrent. A simple design principle to make suitable transparent metal electrodes

is discussed.
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6.2 Experimental details

6.2.1 Fabrication of OSCs on glass substrates

40 nm thick transparent metal (Au, Cu and Ag) electrodes and ITO on glass
substrate were cleaned in acetone and isopropyl alcohol (IPA) under sonication for 30
min each. ITO coated glass was purchased from Delta Technologies, LTD. The
transparent metal electrode used in this work (Fig. 6-1) has a line-width of 70 nm on

glass substrate.

H200kv 40 5061x 70

Figure 6-1 SEM image of the transparent metal electrode used as anode for the
fabrication of the organic solar cell. The line-width is 70nm for 700nm period of
grating.

Cleaned substrates are then transferred to N, purged glove box, and filtered
PEDOT:PSS (Baytrom PH 500) purchased from H.C. Starck was spin-coated onto the
metal electrode at 3000 rpm for 30 s, producing a 95 nm thick layer and then baked at
120 °C for 15 min. To increase the wetting to the substrate and to control the

PEDOT:PSS thickness, 0.2 wt.% Silquest 187 and 30 wt. % IPA are added to PEDOT.
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The light absorbing material, a blend of poly(3-hexylthiophene)(P3HT) and 1-(3-
methoxycarbonyl)-propyl-1-phenyl[6,6]C61 (PCBM) (1:1 ratio by weight) in
chlorobenzene, was spin-coated after filtration onto the PEDOT:PSS layer at 1000 rpm
for 30 s, which gave a 105 nm thick layer, and then annealed at 130 °C for 20 min. P3HT
and PCBM were purchased from Rieke Metals Ltd and American Dye source,
respectively and used as received. After cooling to room temperature, samples were
brought to an evaporation chamber from the N, glove box. Thermal evaporation of a 1
nm thick LiF layer followed by a 70 nm thick Al layer through a shadow mask (circular
shape with 3.5mm diameter) completed the organic solar cell fabrication. Fig. 6-2 shows

the schematic diagram of the fabricated organic solar cell structure.

Cathode (LiF/Al)

Anode

(ITO or metal mesh)

Substrate (Glass or PET)

hv

Figure 6-2 Schematic diagram of the fabricated organic solar cell structure.

6.2.2 Fabrication of OSCs on PET substrates

A flexible OSC was also fabricated using transparent Cu mesh electrode
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fabricated by metal transfer technique onto PEDOT coated PET substrate (Fig. 6-3) and
evaluated compared to the device with conventional ITO electrode. The fabrication
process are same as above except that the pure PEDOT:PSS was spin-casted on top of the
Cu electrode sitting on PEDOT:PSS coated PET substrate. The shadow mask used in this

experiment is circular shape with a diameter of 1 mm.
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Figure 6-3 (a) Photograph of the transparent Cu electrode on PET substrate used
for the fabrication of the flexible organic solar cell. Inset shows the SEM image. (b)
SEM image after spin-casting of the PEDOT. For the cross section view, Cu
electrode was fabricated on Si substrate.

6.2.2 Measurement of OSCs

The patterned Al cathode has an isolated island type geometry to exclude the
overestimation of the photocurrent when a cross-bar type geometry is used.[82, 83]
Current versus voltage characteristics were measured in air by illuminating the OSC

devices with AM 1.5G simulated sun light (Oriel Solar Simulation, 100 mW/cm?).
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6.3 Results and discussion

The fabricated multi-layer solar cells consist of ITO or nanopatterned metal
anode, conducting PEDOT:PSS, P3HT/PCBM blend (1:1 by wt ratio), and LiF and Al
cathode from bottom to top. | would like to point out that because the nanopatterned
metal electrode has a uniform thickness, we were able to spin coat a very thin
PEDOT:PSS layer (~30 nm) on top of it without causing current shunt path which will
lower the fill factor and reduce the power efficiency. In case of random nano-wire
structures such as the Ag nano-wire mesh[76, 77]used in a previous work, a thin coating
of PEDOT layer could increase the current shunt path due to the roughness or unevenness
of the random Ag wires. As shown in Figure 6-4, the current versus voltage
characteristics of the solar cells having the nanopatterned transparent metal electrodes
and ITO electrode on glass substrate are very similar to each other, indicating that such
electrodes are interchangeable. All devices showed a power conversion efficiency of

~2 %.
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Figure 6-4 Current density versus voltage characteristics of similarly fabricated
organic solar cells with varied electrodes, including nanopatterned Au, Cu, and Ag
and conventional 1TO electrode on glass substrate. (Intensity: AM1.5G 100mW/cm?)

Detailed device characteristics are summarized in Table 2. Note that such power
conversion efficiency is lower than the ones reported in literature because all of our
devices were fabricated and tested in ambient environment with no special control of
oxygen and moisture. PEDOT and the blend material were spincoated and baked in a N
glove box, and then the samples were exposed to air before loading to thermal

evaporation chamber to deposit the cathode.
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Table 6-1 Device characteristics of the solar cells having the nanopatterned Au, Cu,
Ag, and ITO electrode on glass substrate.(Intensity: AM1.5G 100mW/cm?)

Transparent
Jsc (mA/em?)  Voc (V)  FF  Efficiency (%)
Electrode
ITO 5.59 0.59 0.61 2.00
Au 5.50 0.57 0.62 1.96
Cu 571 0.57 0.63 2.06
Ag 5.34 0.58 0.65 2.00

Although the nanopatterned metal electrodes are 8-18% less transparent than that
of ITO in the absorption band of P3HT:PCBM around 500 nm, very similar photocurrents
were generated under the same intensity light illumination. We believe that light trapping
effects induced by the grating structure[78-81] in the high transparency metal electrodes
compensates for the effect of lowered transmittance, resulting in similar absorption by the
P3HT/PCBM blend layer. Interestingly, the device using Cu electrode showed slightly
increased photocurrent and power conversion efficiency of 2.06 % as compared to those
of Au and ITO electrodes. From Fig. 2-9(c), the transmittance of the Cu electrode is
similar to that of the Au electrode, which in principle should produce same photocurrent.
The one difference between the Au and the Cu electrode device is the interface to
PEDOT:PSS. We believe that the interface between Cu and PEDOT:PSS is more efficient
for hole collection than that between Au and PEDOT:PSS due to the following reason. To
collect the photo-generated holes, an anode with lower work function than that of
PEDOT:PSS is preferred. The fact that Au has a work function of about 5.22 eV, which is

similar to but slightly higher than that of PEDOT:PSS likely impede the hole transfer
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from PEDOT:PSS to the Au electrode. On the other hand, Cu has a lower work function
(~4.65 eV) than Au, which can facilitate the hole collection. The effect of the reduced
internal electric field on photocurrent [84] when low work function is used is negligible
in the device with transparent metal electrode because metal electrode occupies only
13 % of whole area on the anode side. Therefore we expect improved performance
through efficient hole collection by using metals with lower work function than that of
PEDOT:PSS. This may also explain why the performance of the device made with Ag
electrode that has a lower transmittance than the other transparent electrodes is
comparable to that of the other devices. The difference in transmittance between different
metal electrodes could be another contributing factor.

Fig. 6-5 shows the current versus voltage characteristics of the solar cells having

the nanopatterned transparent Cu electrode and ITO electrode on PET substrate.
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Figure 6-5 Current density versus voltage characteristics of fabricated organic solar
cells with nanopatterned Cu and conventional ITO electrode on PET substrate.
(Intensity: AM1.5G 100mW/cm?)
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As shown in Fig. 6-5, J-V characteristics of the flexible solar cells having the
transparent Cu and ITO electrode are very similar to each other, indicating that such
electrodes are also interchangeable for flexible applications. However, the Cu electrode is
much more promising due to its superior mechanical stability in bent condition as seen
from Chap. 3. The PCE of the device with Cu electrode, about 2.1 %, is comparable to
that of the device with ITO electrode, 2.24 %. Both devices have similar open circuit
voltage (Voc) and FF which are 0.6 V and 62 %, respectively. The short circuit current
(Jsc) is 5.7 mA/cm® and 5.9mA/cm?® for the device with Cu and ITO electrode,
respectively. The slight lower Jsc of the Cu device is believed from lower transmittance
(Fig. 3-9) at the light absorption range than ITO electrode. However, the difference of the
Jsc is smaller than that of transmittance of each electrode, which means that there are also
the effects of the light trapping effect in grating structure and the enhanced hole
collection efficiency discussed above. The efficiency of the device on PET substrate is a
little greater than that of the device on glass substrate. This variation in device
performance is believed from the fabrication environment change. Different from the
device on glass substrate, the flexible devices were fabricated inside the N, purged glove
box until they were measured in air.

Even though the hole collection efficiency can be increased by using metals with
low work function, but since the metal nanograting only covers a small fraction of the
anode region, photo-generated holes have to transport through the continuous
PEDOT:PSS layer to the metal-wire electrode to be measured as shown in the schematic
of Fig. 6-6. Therefore, it is important to evaluate if the conductive PEDOT:PSS can
deliver the holes efficiently to the metal electrode. This can be quantified by estimating the

voltage drop occurred when holes in the halfway of the two grating lines are collected to metal
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electrode. This maximum voltage drop can be expressed as

AV, =J, Ry -L2=3 -Lz-?(\/)
where Jph is the photogenerated current density, L is the maximum distance that holes travel (350
nm), p is the resistivity of the PEDOT:PSS, and t is the thickness of the PEDOT:PSS. By using
the sheet resistance of 150K Q/(] for a 100-nm thick PEDOT:PSS and the maximum
distance that holes have to travel, 350 nm, we estimated that the voltage drop is only the
order of uV for each period even if we consider a high efficiency device delivering a

photocurrent of 10 mA/cm?. Therefore, we can conclude that transparent metal-wire electrodes

can be treated effectively as a uniform film for the purpose of photocurrent collection.

Figure 6-6 Schematic of the collection of carriers in the device using nanopatterned
transparent electrode.

From the above consideration, we can conclude that transparent metal-wire

electrodes can be treated effectively as a uniform film for the purpose of photocurrent
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collection. Based on this analysis, a simple design rule that correlates the optimum period
of the nanopatterned metal electrodes with the sheet resistance of the PEDOT:PSS was
derived, and is shown in Figure 6-7. If we assume a device area of appoximately 0.1 cm?
and allow a voltage drop of 10 mV in the overall PEDOT:PSS area, the appropriate
grating period of the nanopatterned metal electrode at a certain sheet resistance of
PEDOT:PSS can be found in the shaded area. The darker the region in the shaded area,
the better the OSC performance will be. Here the only assumption made is that the optical
transmittance of the metal electrode needs to be comparable to that of the ITO electrode.
This means that the line-width of the grating is about 10 % of the period. The star in the
shaded region indicates the parameters used in this work. Outside the shaded area the
transparent metal electrode will still be able to collect generated photocurrent but with
reduced efficiency due to the increased voltage drop in the PEDOT:PSS layer. As a proof,
we also fabricated devices with imprinted transparent Au electrode having a period of
10um. The short circuit current of the device was 80% of the ITO control device leading
to 20% lower power conversion efficiency. This result corroborated well with Fig. 6-7, as

10um periods is outside the shaded region.
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Figure 6-7 Calculated appropriate period of the nanopatterned metal grating in
transparent metal electrode as a function of the sheet resistance of PEDOT:PSS.
Choosing the metal grating period and the PEDOT sheet resistance within the
shaded region will lead to negligible loss of photocurrent. The star in the shaded
region indicates the parameters corresponding to this work.

6.4 Summary

Organic solar cells made with the nanopatterned metal electrodes having
optimum geometry showed essentially the same performance as the device made with
high quality ITO electrodes. The effect of the work function of the nanopatterned
electrode on the device performance was also analyzed. It was found that metal electrode
with a lower work function than that of the PEDOT:PSS could facilitate the charge
transfer from the PEDOT:PSS to the metal electrode, leading to increased FF and higher
power efficiency. Large opening area in the transparent metal electrode has little effect on

the carrier collection efficiency by using conductive PEDOT layer, which indicates that
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nanopatterned transparent metal electrode can be treated as a uniform film. We also
demonstrated the flexible devices with transparent Cu electrode, which exhibits same
performance as the device with ITO electrode. Cu electrode on a flexible substrate was
fabricated by the simple metal transfer printing that can be readily extended to the roll-to-
roll processing for low-cost and high throughput fabrication. Therefore the use of very
inexpensive Cu material as a transparent electrode and the possible roll-to-roll fabrication

could help to realize low cost, large area organic solar cells.
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Chapter 7
Surface Plasmon Enhanced Absorption and
Efficiency of Organic Solar Cells (OSCs)

7.1 Introduction

Organic solar cells (OSCs) offer a promising alternative to inorganic solar cells
due to their low cost, easy fabrication, and compatibility with flexible substrates over a
large area. Since the report of a thin film organic solar cell by Tang[40], the power
conversion efficiency (PCE) of OSCs has steadily increased and has now reached up to 4-
5 %[70, 71, 73, 85]. However, further improvement of the PCE is required for practical
applications. To increase the PCE of the device, the light absorption in the organic layer
and the electrical carrier transport of the photo-generated carriers must be enhanced[86].
The high absorption of the incident light can be achieved by using a thick organic active
layer. However, a thick active layer increases the series resistance and recombination loss
mainly due to the low carrier mobility of the organic material resulting in a reduced fill
factor(FF) and thus reduced efficiency[87]. On the other hand, thinner organic layers
exhibit better electrical carrier transport of the photo-generated carriers. Therefore, the
best way to increase the efficiency of a thin film organic solar cell is to increase the
absorption of the organic film without increasing the photoactive layer thickness. For this

need, several light trapping approaches such as a V-folded configuration[88], diffraction

81



grating[78, 79], photonic crystal (PC)[89], and surface plasmon resonance (SPR)[69, 90-
96] have been investigated and showed promising results. Among these, the utilization of
the SPR in metallic nanostructures (eg. Au, Ag) is one of the most promising approaches
as surface plasmons exhibit strongly enhanced electromagnetic fields in the vicinity of
the metal by the incident light, which can lead to high absorption in the organic film and
higher efficiency. Ag nanoparticles have been widely used to enhance the light absorption
in thin film organic solar cells in which they were inserted in normal device structure[90,
93, 94]. Thus, the ITO film is still used as a transparent electrode of the device. However,
it would be even more attractive in terms of cost and performance if the transparent
electrode itself can create the SPR. Recently, such attempts have been reported using
randomly perforated Ag films and periodic Ag gratings[95, 96]. Even though these
approaches showed relative enhancement of the absorption by the SPR effect in organic
solar cells, none of them were compared with conventional ITO devices, due to overall
much lower efficiency obtained by those devices.

In this work, a periodic Ag grating structure is employed not only as a
transparent electrode but also as the excitation source of the SPR. The incident light
resonantly excites surface plasmon modes between the Ag grating electrode and the thick
metal cathode, increasing the field intensity and absorption in the organic thin film. It is
shown that the overall efficiency of the device using a Ag grating is greater than that of

the device using ITO due to higher absorption by SPR.

7.2 Design structure and preliminary simulation.

Figure 7-1 shows the schematic of the proposed device structure utilizing the
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SPR to enhance the light field and thus the absorption (efficiency). It consists of a glass
substrate, Ag grating, organic layer, and thick Ag cathode from top to bottom. The
incident light is illuminated from the glass side. The preliminary simulation based on
Rigorous Coupled Wave Analysis(RCWA) was performed for this device structure at a

wavelength of 500 nm with the refractive index of each layer as shown in Fig. 7-1.

SiO,(e=2.13) Organics(e=2.89)

Silver(g=-9.56+0.32i@500nm)

Figure 7-1 Device schematic and refractive index of each layer used in the
preliminary simulation.

The period of the Ag grating is fixed at 220 nm and the variable parameters for

the simulation are the height and duty cycle of the grating, the thickness of the organic

Simulation was done by one of collaborators, Ting Xu, in Institute of Optoelectronics,
the Chinese Academy of Science.
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layer, and the incident wavelength.

Figure 7-2 shows the field enhancement factor (a), defined as the light intensity
inside the organic layer in the proposed device normalized to the incident one, as a
function of the Ag grating height, and the field intensity profiles at different Ag grating
heights (b,c). The duty cycle is assumed to be 0.73 (opaque line width: 160 nm). The

grating height of 40 nm was shown to give the highest field enhancement factor.
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Figure 7-2 (a) Field enhancement factor, normalized to the incident light intensity, as
a function of Ag grating height, and (b,c) field intensity profiles at different Ag

84



grating height (b:10nm, c:40nm). The duty cycle is assumed to be 0.73 (opaque line
width: 160 nm).

The effect of the thickness of the organic layer is also examined, as shown in Fig.
7-3, and the thickness of around 90 nm was shown to give the highest field enhancement

factor.
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Figure 7-3 (a) Field enhancement factor as a function of Ag grating height, and (b,c)
field intensity profile at different organic layer thickness. The duty cycle and the
grating height are assumed to be 0.73 (opaque line width: 160 nm), and 30 nm,
respectively.
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The dependency of the field enhancement factor on the grating duty cycle is
shown in Fig. 7-4. The field enhancement factor is highest at a duty cycle of 0.36 (line

width of 80 nm), and it drops and saturates as the duty cycle increases.
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Figure 7-4 (a) Field enhancement factor as a function of Ag grating duty cycle, and
(b,c) field intensity profile at different duty cycle. The thickness of organic layer and

grating height are assumed to 100 nm, and 30 nm, respectively.
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Figure 7-5 shows the wavelength dependency of the field enhancement factor.
For this simulation, the refractive index of Ag was varied and that of organic layer was

assumed to be unchanging.
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Figure 7-5 (a) Field enhancement factor as a function of the incident light
wavelength, and (b,c) field intensity profiles at different wavelengths. The thickness
of the organic layer, the grating height, and the duty cycle are assumed to be 100 nm,
30 nm, and 0.73 respectively.

The bandwidth for which the field enhancement factor is greater than 1 is 100 nm
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with a peak enhancement factor at a wavelength of 520 nm.
Based on the preliminary simulation results the optimal structure parameters are

as follows:

® Grating period: 220 nm

® Duty cycle: 0.36 ~0.73

® Grating height: 30 ~ 40 nm

® Thickness of organic layer: 80 ~ 100 nm
Preliminary simulations confirm the presence of the surface plasmon-enhanced light
intensity, which will lead to enhanced absorption in the organic active layer and thus

greater power conversion efficiency of the organic solar cell.

7.3 Experimental details

7.3.1 Fabrication of the mold and Ag electrode

With the preliminary simulation results as a starting point, an attempt was made
to fabricate organic solar cells using the Ag grating as an anode. The mold with proper
geometry was the first prepared for this work. Figure 7-6 (b) shows the SEM image of the
mold used in this work. This mold was fabricated from the original mold, which has a
line-width of about 150nm and a trench of about 70 nm. This mold was fabricated using
laser interference lithography[97]. NIL is performed using the original mold on the
imprint resist, MRI8030, coated on 10 nm thick Cr layer on a SiO; substrate. After NIL,
thin metals are shadow-evaporated on each side wall of the MRI pattern. O, RIE, Cr dry
etching, SiO2 dry etching, and removal of Cr layer complete the fabrication of the mold,

which has the period of 220 nm, the line-width of ~110 nm and the duty cycle of about
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0.5. Specific fabrication conditions can be found in Chap. 2.

Figure 7-6 SEM images of (a) imprinted MRI pattern using mother mold (opposite
shape) and (b) a mold with a duty cycle of 0.5 fabricated from (a).

Ag gratings with different line-widths on glass substrates are fabricated with
conventional NIL using the mold shown in Fig. 7-6(b). After NIL, Ti of 5 nm and 25 nm
was deposited on each sidewall of the imprinted grating structure to fabricate Ag gratings
with a line width of 100 nm and 60 nm, respectively. O, RIE, deposition of 40 nm thick
Ag with 1 nm NiCr using electron beam evaporation and lift-off complete the fabrication
of the Ag grating electrode on a glass substrate. The optical transmittance of these Ag
gratings is shown compared to a conventional ITO electrode in Figure 7-7. The measured
transmittance was referenced to air. The average transmittance in the visible range of Ag
gratings with a line width of 100 nm, 60 nm, and ITO electrode is 58 %, 77 %, and 87 %,
respectively. Ag gratings with 100 nm and 60 nm line-widths will be referred to as AQW
and AgN, respectively. The Ag grating samples have a dip in the transmittance at around

420 nm due to the absorption increase by the surface plasmon resonance.
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Figure 7-7 Optical transmittance of the Ag gratings and conventional ITO electrode

7.3.2 Fabrication of OSCs

To prove the concept, organic planar heterojunction solar cells using copper
phthalocyanine (CuPc) and buckminsterfullerene (C60) were fabricated. First, the Ag
grating electrodes and ITO on glass were cleaned in acetone and isopropyl alcohol (IPA)
under sonication for 30 min each. ITO coated glass had an additional 5 min UV ozone
cleaning. Filtered PEDOT:PSS solution was spin-coated onto the Ag grating electrodes
and ITO at 1000 rpm for 30 s, producing a 30 nm thick layer, and then baked at 120 °C
for 15 min inside a homemade N, purged box. To increase the wetting on the substrate
and to control the PEDOT:PSS thickness, 0.2 wt.% Silquest 187 and 100 wt. % deionized
water were added to the PEDOT (Baytron PH 500). Samples were then brought to an
evaporation chamber from the N, box. Thermal evaporation of the CuPc, C60, BCP, and

Ag completed the organic solar cell fabrication. A shadow mask (diameter of 1 mm) was
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put on the sample before the Ag evaporation. Fig. 7-8 shows the schematic of the

fabricated device.

BCP —
c60 —

CuPc —
PEDOT —

N .
Ag grating

Glass

Figure 7-8 Schematic of the fabricated small molecule organic solar cell

Several devices with different organic layer thicknesses, as shown in Table 7-1,

were fabricated to investigate the dependence of the field enhancement on the organic

layer thickness.

Table 7-1 Thicknesses of the organics layers of the fabricated organic solar cell

Thickness (nm)
Device #

PEDOT | CuPc C60 BCP Total
1 30 28 44 8 110
2 30 25 35 8 100
3 30 20 32 8 90
4 30 16 26 8 80
5 30 12 20 8 70
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A 40 nm thick Ag grating and ITO electrode were used as an anode and a 70 nm
thick bare Ag film was used as a cathode for all of the fabricated devices. The thickness
of PEDOT and BCP was fixed at 30 nm and 8 nm, respectively. These layers are very
important for preventing device shortening and blocking generated excitons, respectively.
The total organic layer thickness was controlled by changing the thickness of the CuPc

and C60, as shown in table 7-1, while attempting to keep the ration the same.

7.4 Results and discussion

The current density vs. voltage characteristic was measured by illuminating the
devices with AM 1.5G simulated sun light (Oriel Solar Simulation, 100 mW/cm?). The
open-circuit voltage (Voc) and the fill-factor (FF) are similar for both the ITO and Ag
devices except device #5. The Voc of the ITO device, ~0.53 V, is slightly greater than that
of Ag devices, ~0.5 V, and the FF of about 50 % is similar for both devices. These results
indicate that the patterned Ag grating did not affect the device fabrication using thermal
evaporation of the small molecule materials and photo-generated carrier collection. The
Ag device # 5 having the thinnest organic layer (70 nm) showed much reduced Voc,
~0.37 V, which is believed to be caused by the shortening path between the edge of the
grating and top cathode due to the very thin organic layer. However, the short-circuit
current (Jsc) showed a dramatic difference. Because the SPR enhances the light field, we
expect the enhanced absorption efficiency accordingly which will lead to the increased
Jsc. For thick organic layers (device #1 and #2), the Jsc of the device made with a 60 nm

Ag grating (AgN device) is comparable to that of the ITO device. For organic layers
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thinner than 100 nm (device #3, #4, and #5), the Jsc of the AgN device was enhanced as
much as 43 % compared to that of ITO device as the thickness of the total organic layer
decreases to 70 nm. The device made with a 100 nm line-width Ag grating (AgW device)
also showed a similar behavior to AgN device but the overall enhancement was lower due
to the low transmittance of the Ag grating in this case. Fig. 7-9(a) shows the dependency
of the Jsc of each device (ITO, AgN, AgW device) on the thickness of the organic layer.
Fig. 7-9(b) shows the current density vs. voltage curve of the device #4 which exhibits
the highest enhancement of the Jsc and the overall PCE. In fact, the device #5 showed the

highest enhancement of the Jsc but the PCE is low due to the low Voc.
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)]

o e ¥
—~ 2l —=—ITO_Ag S
54 = —o— AgW_Ag :._-
§—t ©o AgN_Ag ]
" g
o T == | %o i
§1 & = F,
< 3 u =
E 2
24 (]
2 @)
- —s—[TO_Ag I
"o —e— AgW_Ag S
AgN_Ag =
3 I
0 T v T v T v T v T O '6 T T T T T
70 80 9 100 110 04 02 00 02 04 06 08
Thickness of organic layer (nm) Voltage (V)

Figure 7-9 (a) Jsc vs. thickness of the organic layer characteristics of the devices
fabricated (1ITO, AgN, AgW device) (b)current density vs. voltage curve of the device
#4 which exhibits highest enhancement of the Jsc and overall PCE.

As shown in Fig. 7-9(a), the Jsc of the ITO device decreases as the organic layer
thickness decreases due to the corresponding lower absorption. However, the Ag device

showed enhanced Jsc as the organic layer thickness decreases mainly due to enhanced
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light intensity by the SPR and thus enhanced absorption in thinner devices. The other
possibilities for the enhanced absorption and Jsc are discussed later. Each device has a
different thickness of the organic layer resulting in different absorption efficiency. The
enhancement factor of the Jsc of the Ag device due to surface plasmons was extracted by
normalizing the Jsc of the Ag device with the Jsc of the ITO device. Therefore, this
enhancement factor can be used as a measure of the enhanced absorption and internal
optical field by the SPR. Fig. 7-10 shows the Jsc enhancement factor vs. the thickness of

the organic layer.
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Figure 7-10 Enhancement factor vs. the thickness of the organic layer curve. Dotted
lines show the expected Jsc of the Ag device based on the transmittance of each
electrode without absorption enhancement by the surface plasmon.

One should note that the enhancement factor shown in Fig. 7-10 did not take into

account the transmittance of each Ag grating electrode. In fact, the transmittance of the
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Ag grating electrodes is lower than that of the ITO electrode as shown in Fig. 7-7.
Therefore, the enhancement factor is even higher than those shown in Fig. 7-10 when the
transmittance of each electrode is considered. For simplicity, if we consider the average
transmittance of each electrode in the visible range, the net enhancement factor due to
surface plasmons can be extracted from the difference between solid and dotted line. The
dotted line shows the expected Jsc when there is no surface plasmon enhanced absorption.
This net enhancement factor due to surface plasmons for the Ag devices is shown in Fig.
7-11. As shown, surface plasmons will enhance the Jsc of the AgN device as much as
~65 % compared to the ITO device when both the AgN and ITO device receive the same

amount of the light from the incident one.
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Figure 7-11 Net enhancement factor of the Jsc of the Ag devices compared to ITO
device when both devices receives the same amount of the incident light.

Due to the enhanced Jsc, the overall PCE of the AgN device was also enhanced
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compared to that of the ITO device. For device #3, the PCE of the AgN was enhanced by
about 18 %, with the absolute PCE of the AgN device and ITO device of 1.41 % and
1.2 %, respectively. For device #4, the PCE enhancement was even higher, 35 %, with the
absolute PCE of the AgN device and ITO device of 1.32 % and 0.97 %, respectively. As
discussed earlier, each device has a different organic layers thickness which will lead to
different absorption efficiency and Jsc as seen from the behavior of the ITO device.
However, Ag devices do not follow those trends. As the organic layer becomes thinner,
the effect of the SPR is getting stronger. However, there should be a limitation about the
minimum thickness at which the maximum light field enhancement is achieved. Based on
the enhancement factor shown in Fig. 7-10, the degree of the increase of the enhancement
factor starts to decrease at organic layer thicknesses below 80 nm. Therefore, we can
expect the enhancement of absorption efficiency due to surface plasmon resonance might
be saturated at organic layer thicknesses a little below 70 nm. In practice, the maximum
efficiency enhancement was achieved at an organic layer thickness of 80 nm. Below 80
nm, it showed shorting behavior between the anode Ag grating and the cathode due to the
non-planar nature of the Ag grating used in this work. If we can make the grating planar
by imbedding the grating inside a glass substrate or other ways, we can expect the PCE
enhancement to be higher than the 35 % achieved in device #4 (80 nm thick organic
layer). Based on the Fig. 7-11, the effect of the SPR on the enhancement of the Jsc is
similar for both Ag grating devices when the average transmittance of each electrode is
considered. However, the absolute Jsc and PCE of the device with the 100 nm line-width
Ag grating (AgW device) is much lower than the AgN device. This tells us that the
transmittance of the anode is also a very important factor for the device with high PCE.

To find a possible reason for the increased absorption and thus the Jsc, incident
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photon to current efficiency (IPCE) was measured for each device. The obtained external

quantum efficiency (EQE) of each device is shown in Fig. 7-12.
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Figure 7-12 EQE spectra of the device. (a) device #1, (b) device #2, (c) device #3, and
(d) device #4.

The EQE of device #5 is not shown because of its instability. There are
noticeable differences in the Ag devices as the organic layer gets thinner (Fig. 7-12(a-d)).
The two EQE peaks located at a wavelength of around 470 nm and 570 nm are red and
blue shifted, respectively, compared to those of the ITO, around 420 nm and 620 nm. For
thinner organic layers, both peaks are getting stronger and the bandwidth for which the

EQE of Ag device is bigger than that of ITO device is getting wider, which can explain
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the enhancement of the Jsc of each device. Since the EQE depends proportionally on the

absorption efficiency, we can attribute the observed enhancement of the Jsc to the

enhanced light field caused by the surface plasmon resonance in the Ag grating structure.

The enhancement factor of the light intensity and thus absorption efficiency of the Ag

device relative to ITO device as a function of wavelength can be deducted from the ratio

of the EQE between the Ag devices and the ITO device. Fig. 7-13 shows the EQE

enhancement factor of the Ag devices relative to ITO device.
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Figure 7-13 EQE enhancement factor of the Ag device as a function of wavelength
obtained by normalizing the EQE of the Ag device with the EQE of the ITO device.

As shown in Fig. 7-13, the relative EQE enhancement of the Ag device is

increasing and the bandwidth the area with the enhancement greater than 1 is getting
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wider as the organic layer gets thinner. Specifically, the maximum enhancement occurs at
a wavelength of 555 nm for device #1 (thickest organic layer). For device #2 and #3, the
maximum enhancement is at around 540 nm. For device #4 (thinnest organic layer), the
maximum enhancement is at around 570 nm. The origin of the variation of the maximum
enhancement wavelength is not clear and needs to be further studied. So far, about a 2.5
fold EQE enhancement was achieved at around 570 nm for the organic layer thickness of
80 nm (device #4), which led to the 35 % PCE enhancement. Therefore, we can expect
absorption efficiency enhancement by the same amount. Here, we can also extract the net
EQE enhancement factor due to the SPR for the Ag devices by taking into account the
transmittance of each electrode. This can be obtained by taking the ratio of the EQE of
each device which was normalized by the transmittance of each electrode. Fig. 7-14

shows the net enhancement factor due to the SPR for the Ag devices.
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Figure 7-14 Net enhancement factors for the Ag device by the SPR as a function of
wavelength when the transmittance of each electrode is considered. (a) Device #3 (90
nm organics layer), and (b) device #4 (80 nm organics layer)
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As shown in Fig. 7-14, when the Ag device delivers the same amount of the light
to organic layers from the incident one as the ITO device does, the maximum
enhancement factor of about 2.8 at a wavelength of 570 nm can be achieved in case of
device #4 (80 nm organics layer). Moreover, the SPR enhanced the EQE over the entire
visible wavelength. The degree of enhancement is similar for both Ag devices; however,
the resulting PCE enhancement of the AgW device is very small because of the low
transmittance. Therefore, a Ag grating with high transmittance (narrow line-width) is
desirable for the enhancement of the PCE due to the surface plasmon resonance.

So far, we here attributed the enhancement of the Jsc and overall PCE to the
enhancement of the absorption efficiency due to the SPR. Are there other effects which
can explain the observed enhancement of Jsc? There are two possibilities: light trapping
by the light diffraction in grating structure and the device area increase caused by using
40 nm thick Ag grating as an anode. There are some reports that light diffraction from the
grating pattern can increase the optical path length of the light resulting in higher
absorption efficiency[78, 79]. However, the period of the Ag grating used in this work,
220 nm, does not create diffraction in the visible range where the organic layers absorb.
Simulations showed that diffraction occurred at a wavelength below 315 nm when a 220
nm period grating and the refractive index of 2 for the organic layers were used.
Therefore, we can exclude the possibility of light trapping by diffraction. Fig. 7-15 shows
SEM images of the fabricated Ag grating device. As shown in Fig. 7-15, the device has a

sinusoidal shape following the Ag grating dimensions.
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Figure 7-15 SEM images of device with Ag grating. (a) top view, and (b) side view.

Even though the device shows the sinusoidal shape, the increase of the device
area is negligible compared to the enhancement of the Jsc. The difference between the
peak and the valley is about 35 nm which was estimated to increase the surface area by
about 5 %. Therefore, we can also exclude the possibility of device area increase for the
observed enhancement of the Jsc. This conclusion is backed by another experiment,
which investigated the effect of the grating thickness on the device performance. As
shown in Fig. 7-16, there is no change in the Jsc as the thickness of the grating changes.
These facts confirm that the observed Jsc of the Ag grating device was enhanced through

the concentrated light field due to the surface plasmon resonance in the structure.
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Ag grating thickness dependency
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Figure 7-16 Current density vs. voltage curve of the ITO device and Ag device with
Ag grating height of 20, 30, and 40 nm. The total organic layer thickness is 90 nm
(device #3)

Simulations were performed again to draw the internal field enhanced by surface
plasmon resonance. At this moment, the simulations used the measured complex
refractive index data for each organic layer. Fig. 7-17 shows the field profile inside the
structure at different wavelengths for the device #4 (organic layer thickness of 80 nm).
From the Fig. 7-13, at a wavelength of around 420 nm, the AgN device shows an EQE
enhancement factor lower than 1 (ITO shows better EQE). The EQE of the AgN device
showed the strongest enhancement at a wavelength of around 560 nm and moderate

enhancement at a wavelength of around 620 nm.
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Figure 7-17 Simulated internal field inside the Ag device at a wavelength of (a) 420
nm, (b) 560 nm, and (c) 620 nm.

As shown in Fig. 7-17, strong enhancement of the optical field within the organic
layer is seen at a wavelength of around 560 nm, which matches with the experimental
results. In fact, the simulation predicts that the strongest enhancement is at about 520 nm.
It is believed that this discrepancy is from the difference between the simulated device
(Fig.7-8) and the fabricated device (Fig. 7-15). More simulations which can match with

the experimental results are needed.

7.5 Summary

In summary, we demonstrated organic solar cells with a periodic Ag grating and
evaluated their performance compared to the one with conventional 1TO electrode. The
periodic Ag grating acts not only as a transparent electrode but also as an excitation
source of the SPR. Incident light resonantly excites surface plasmon modes between the
Ag grating electrode and the thick metal cathode, increasing the field intensity and
absorption in organic thin film. The Surface plasmon effect was sensitive to the organic
layer thickness sandwiched between the cathode and Ag grating anode. As the organic
layer gets thinner, the surface plasmon effect was shown to be stronger and the Jsc was

enhanced as much as 45 % compared to that of the ITO device. The measured EQE was
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also enhanced for thinner organic layers. A 2.5 fold enhancement of the EQE of the Ag
device relative to the ITO device was achieved at a wavelength of around 570 nm for an
80 nm thick organic layer. Due to this enhancement, the overall power conversion
efficiency of the Ag device was enhanced by about 35 % compared to that of the ITO
device. Further improvement of the PCE can be achieved by using a thinner organic layer
at which the surface plasmon effect is strongest. However, device structure optimization
to reduce the chance of shorting between the cathode and anode is needed. Simulations
predict the presence of the surface plasmon effect, but more optimization needs to be

done to match more exactly with the experimental results.
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Chapter 8

Conclusion

8.1 Summary of thesis

We have developed and demonstrated a new type of transparent and conductive
electrode (TCE) based on a periodically nanopatterned metal film. A TCE is a very
important component in any photosensitive optoelectronic devices such as organic light
emitting diodes (OLEDs) and organic solar cells (OSCs). An ideal TCE must be highly
transparent to allow the maximum amount of light through, and it must also be
conductive to provide uniform electrical current distribution. The most widely used
material in industry and academia is tin-dope indium oxide, commonly referred as ITO.
Even though ITO has demonstrated good performance as a TCE for optoelectronic
applications, it may not be the best choice for future low-cost and high performance
optoelectronic applications in terms of the cost, chemical and mechanical properties of
the material. The developed nanopatterned transparent metal electrodes have the
characteristics of high optical transmittance and electrical conductivity, but unlike ITO,
those properties are controlled independently. Moreover, it has been demonstrated that
our transparent metal electrode is mechanically more stable than the ITO electrode in
flexible applications. The work function of the TCE can be easily controlled by choosing

different metals. Other than the high transmittance and conductivity, transparent metal
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electrodes offer the opportunity to increase the device efficiency (both OLED and OSC)
by choosing proper periodicity and material. It has also been demonstrated that the
transparent metal electrode could be fabricated with low-cost and high-throughput by
choosing cheap material and fabrication processes such as roll-to-roll processing. As an
application of the transparent metal electrode, OLEDs and OSCs were fabricated using
transparent metal electrode as a TCE. The fabricated OLEDs showed a similar electrical
characteristic to ITO device. The optical characteristic need to be studied further but the
electroluminescence form metal electrode device was observed similar to that of the ITO
device to naked eye. The fabricated OSC also showed similar characteristics to the ITO
device when the highly transparent metal electrode was used. By choosing the proper
material and periodicity which can excite the surface plasmon resonance, the power
conversion efficiency (PCE) was enhanced as much as 35 % compared to the ITO device.
Therefore, the use of transparent metal electrodes as a TCE instead of 1TO could help to
realize low cost, large area, flexible organic optoelectronic devices such as OSCs and

OLEDs.

8.2 Summary of specific achievements

The transparent metal electrode is in the form of a periodically nanopatterned
dense metal mesh film on substrates such as glass. Such structures are fabricated using
conventional nonoimprint lithography (NIL). To realize the transparent metal electrode
using NIL, a simple technique involving NIL, shadow evaporation, wet chemical etching
was developed, which allows nanoscale grating structures with varied line-width to be

fabricated while keeping the same period. Using the technique developed, a highly
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transparent metal electrode was demonstrated. The highest average transmittance of
approximately 84 %, comparable to that of ITO, was achieved for the Au electrode. The
sheet resistance about 5 Q/[] was also achieved by doubling the metal thickness (from 40
nm to 80 nm) with minimal decrease of the transmittance.

NIL, the lithographic technique used for the fabrication of the transparent metal
electrode on the glass substrate, is not compatible with flexible substrates due to the
requirement of high pressure and high temperature. To solve this problem, another
lithography technique based on metal transfer printing from a flexible PDMS stamp was
developed. A highly transparent Cu electrode on a PET substrate using the developed
patterning technique was successfully demonstrated. It is much more flexible than ITO,
showing that it can be bent down to a radius of about 3 mm with no indication of
conductance degradation. On the other hand, the ITO conductance started to decrease at a
radius of ~20 mm. As a demonstration, large area Au nanogratings were fabricated using
R2RNIL process, which indicates that developed transparent metal electrode could help
to realize low cost, large area flexible organic optoelectronic devices such as OSCs and

OLED:s.

Metal transfer printing was further developed to be used as another versatile
lithography technique in which the transferred metal acts as an etch mask for pattern
transfer to the substrate. High transparency metal electrodes were demonstrated by using
this technique. The technique developed offers not only the fabrication of transparent
metal grating patterns but also the fabrication of various nanoscale metal particles such as
squares, diamonds, and nanobars which are a useful platform for biosensor applications.

Moreover, it was demonstrated that the minimum feature can be controlled by employing
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shadow evaporation. The pattern line-width was reduced down to 50 nm from the original
100 nm line pattern.

OLEDs were demonstrated using transparent Cu electrodes as a TCE. The
electrical characteristic of the fabricated OLED is similar to that of the OLED using the
ITO with a turn-on voltage of around 5V. Flexible OLED was also demonstrated.

OSCs were demonstrated using transparent metal (Au, Ag, and Cu) electrodes as
a TCE on both hard (glass) and soft (PET) substrates. The characteristics such as Voc, Jsc,
FF, and PCE are comparable to those of the ITO device when high transparency metal
electrodes on glass substrates were used. The analysis about carrier transport in the
transparent metal electrode together with the conductive polymer, PEDOT:PSS,
suggested that the periodically nanopatterned metal mesh electrode could be effectively
treated as a uniform film. Therefore, the opening area in the transparent metal mesh
electrode has no effect on the device performance.

OSCs were demonstrated with a periodic (220 nm) Ag grating electrode, acting
as not only a transparent electrode but also the excitation source of the surface plamon
resonance (SPR). The absolute PCE enhancement of about 35% for the device with a Ag
electrode relative to the ITO device was achieved. The PCEs of the Ag device and the
ITO device are 1.32 % and 0.97 %, respectively, for the same thickness of the organic
layer (80 nm). It was demonstrated that the SPR enhanced the external quantum
efficiency (EQE) by about 2.5 times for the Ag device compared to the ITO device at a
wavelength of around 570 nm for a 80 nm thick organic layer. The experimental results

suggested that higher enhancement would be possible for a thinner organic layer.
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8.3 Future works

8.3.1 Organic light emitting diodes (OLEDSs) using transparent metal
electrodes

We have demonstrated OLEDs using transparent Cu electrodes and done the
preliminary evaluation for electrical and optical characteristics. To determine whether
transparent metal electrodes can replace conventional ITO electrode for OLED
applications, more quantitative analyses such as luminescence-current-voltage (L-1-V)
characteristic and EQE are needed. The developed transparent metal electrode is very
promising for increasing EQE. Nanostructured metal electrodes can effectively prevent
the wave-guiding effect encountered in devices using ITO electrode that results from its
high refractive index, and thus increase the light out-coupling efficiency. Moreover, the
output efficiency of OLEDs can be further enhanced by forming two-dimensional hole-
arrays with proper periodicity. For this work, a thorough analysis which can predict the
proper dimensions of the electrode is needed. There is one potential issue that needs to be
solved in using metal mesh electrodes for OLED applications. Other than OSCs, OLEDs
operate at relatively a high voltage regime with high current. Because current is injected
from the metal mesh electrode which occupies less than 20 % of the device area, current
crowding can cause device failure. Current crowding is related to the conductivity of the
conductive polymer layer, normally PEDOT:PSS and the period of the metal grating.
Therefore, an analysis which can determine proper period of the metal grating at a certain

conductivity of the PEDOT layer is also needed.

8.3.2 Surface plasmon resonance (SPR) enhanced absorption and
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efficiency of organic solar cells (OSCs)

We have demonstrated organic solar cells with periodic (220 nm) Ag gratings
and achieved 35 % PCE enhancement compared to the device with the ITO electrode.
The increase of the PCE is attributed to the SPR in the Ag grating structure. The SPR
enhanced the light field inside the structure and thus the absorption efficiency. The short
circuit current (Jsc) was then enhanced accordingly which led to the increase of the PCE.
The achieved 2.5 fold enhancement of the EQE is at the wavelength of around 570 nm.
The experimental results have shown that there is still some chance that the PCE can be
increased by using a thinner organic layer. The EQE enhancement factor in Fig. 7-13
shows the enhanced EQE for most of the visible range as the thickness of the organic
layer decreases. However, the EQE did not increase for the wavelength region shorter
than 470 nm, but for higher efficiency than that achieved, we also have to utilize those
wavelengths region. As shown in Fig.7-17, the surface plasmon still excites the
concentrated field in the device structure in the shorter wavelength region, but it is much
weaker than that in other regions. Thus, simulations were performed to check whether the
field intensity at shorter wavelengths changes as the thickness of the organic layer
decreases. Fig. 8-1 shows the simulated field profile inside the Ag device at a wavelength

of 400 nm.
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Figure 8-1 (a) Simulated field profile inside the Ag device at a wavelength of 400 nm
and the vertical field profile on top of the Ag grating (B) and PEDOT layer (A) for
the Ag device with organics layer thickness of (b) 90 nm, (c) 80 nm, and (d) 70 nm.

As shown in Fig. 8-1, there is high field intensity on top of the Ag grating and it
decays rapidly (field profile along B). Most of the field is concentrated inside the PEDOT
layer. The field profile along A (on top of PEDOT layer) is different from that along B
(on top of Ag grating) and its intensity inside the light absorbing organic layer (CuPc and
C60) is getting stronger as the total organic layer thickness decreases. Therefore, based
on this simulation, we need thinner PEDOT than the 30 nm used in this work as well as
thinner total organic layer for further enhancement of the PCE.

Other than this, there is another possibility for PCE enhancement based on the
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EQE curve shown in Fig. 7-13. The maximum enhancement occurs at a wavelength of
around 570 nm. Below 570 nm the enhancement drops to 1 at a wavelength of about 470
nm. Above 570 nm the enhancement drops and saturates to about 1.3 fold until the
wavelength of 800 nm. If we consider the absorption spectra of the material used (C60
and CuPc) as shown in Fig. 8-2, there are two strong absorption peaks at wavelengths of
around 470 nm and 620 nm, which correspond to the absorption of C60 and CuPc,

respectively.
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Figure 8-2 Absorption spectra of the C60 and CuPc used for the fabrication of the
organic solar cell. The peaks at 470 nm and 620 nm correspond to the absorption of
C60 and CuPc, respectively.

The absorption of the organic material used at 570 nm where EQE enhancement
occurs is very low. Thus, the device fabricated in this work did not fully utilize the
absorption of the material. Even though we could not utilize the absorption of the

material using SPR, we achieved 35 % PCE enhancement. This indicated that once we

112



match the EQE enhancement to the absorption peak of the organic materials we can
achieve PCE enhancement greater than 35 %. This can be done by using different organic
materials which have an absorption peak at 570 nm or by using a different period of
grating which will have EQE enhancement at wavelengths other than 570 nm. In case of
the Ag grating period change, more simulation works are needed to find the optimum
period of grating which allows the EQE enhancement to be matched with the absorption

of the materials used.
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