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ABSTRACT

Transparent conducting electrodes with the combination of high optrentission
and good electrical conductivity are essential for solar gnkagvesting and electric
lighting devices. Currently, indium tin oxide (ITO) is used becadli€eoffers relatively
high transparency (>80%) to visible light and low sheet resist@ce10 ohms/square
(/o)) for electrical conduction. However, ITO is costly due to tediindium reserves,
and it is brittle.These disadvantages have motivated the search for other conducting
electrodes with similar or better properties. There has besgarch on a variety of
electrode structures involving carbon nanotube networks, graphenerfdamsyire and
nanopatterned meshes and grids. Due to their novel charactendtgist manipulation
and collection, photonic crystal structures show promise for funthgrovement. Here,
we report on a new architecture consisting of nanoscale high asgmctmetallic
photonic structures as transparent electrodes fabricated wml@nation of processes.
For (Au) and silver (Ag) structures, the visible light trarssiun can reach as high as
80%, and the sheet resistance of the structure can be as lowCHds. 3[Be optical
transparency of the high aspect ratio metal structures atevigiaVelength range is
comparable to that of ITO glass, while their sheet resistano®re than 3 times lower,
which indicates a much higher electrical conductivity of the amedtructures.
Furthermore, the high aspect ratio metal structures have vdryrfiigred (IR) reflection
(90%) for the transverse magnetic (TM) mode, which can leadetalélelopment of
fabrication of metallic structures as IR filters for heantcol applications. Investigations
of interdigitated structures based on the high aspect ratid etetérodes are ongoing to

study the feasibility in smart window applications in light trarssion modulation.



INTRODUCTION

Transparent conducting electrodes with the combination of high optcemission
and high electrical conductivity are essential and desirablglan snergy harvesting and
optoelectronic applications. Transparent conducting oxides (TCOs) idee bandgap
materials that offer high transparency for visible light anatretly good electronic
conduction. [1] Indium tin oxide (ITO) and Zinc oxide (ZnO) are typmdbe materials
used for such purposes. [2] ITO is widely used in the flat panelagispind solar cells.
[3,4] It is also found in heat mirrors and smart windows applicatimesto its excellent
infrared reflection properties. [5] However, there are sewdreadbacks in using ITO. It
is costly due to limited indium resources. [6] The brittle natfr¢he oxide has also
limited its potential use in various novel devices such as flestdbr cells and flexible
displays. [7] There are trade-off between the optical and iel@cproperties of ITO
depending the film thickness. [8] These disadvantages have motitveteskearch for
alternative conducting electrodes with similar or better perfocmalm recent research
efforts, carbon nanotube networks, graphene films, silver nanowire snestn
nanopatterned metal grids have been evaluated as potentsdemeits for ITO based
electrodes. [9-12] In particular, nanopatterned metal grids madeabg-imprinting
techniques are showing promise because of the straightforwaeffantive process and
its amenability to roll-to-roll printing for large area fatation. [12-15] Different
microscale or nanoscale patterning techniques can be examined tbgateesther
possible fabrication processes for patterned structures as trangectodes.

Aim and objectives

Due to their functionality of light manipulation, photonic crystaudinres show
promise in solar radiation collection and absorption for photovoltaic dedoces
outcoupling efficiency enhancement in solid-state lighting. Variousenpatg and
fabrication techniques to make such photonic structures and theirl gpaparties have
been investigated. One simple and cost-effective method is mgtikoft lithography.
Here, we report on a new architecture consisting of transparenscae high aspect

ratio metallic photonic structures fabricated via a combination @fgsses, including



soft lithography, oblique angle metal deposition, argon plasma itbimgtcThe optical
and electrical properties of the structures are charaadeand evaluated to determine
their applicability as transparent electrodes. Different Imebacluding gold (Au) and
silver (Ag), were studied. Furthermore, the optical properties inntingred region are
characterized for the high aspect ratio metal structures dat tontrol applications.
Investigations in the interdigitated structures based on the dsglect ratio metal
electrodes are ongoing to study the feasibility in smartdeawv applications in light

transmission modulations.

Organization and layout of thethesis

This thesis is divided into the following sections. Literatureaewsion ITO transparent
electrodes and recent achievements in finding the replacemenitBClowith various
fabrication techniques are presented. The concept of photonic cigsédé® introduced
in the subsequent section with emphasis on woodpile structures andatirezation
methods. A brief discussion on the research work in the layerypey-levoodpile
structures by soft lithography technique is also given and recent resudisaresed. The
focus of the thesis will be on the experimental approach inmgakiphotonic structure
based architecture using soft lithography, oblique angle metal ileppand argon ion
milling. The optical and electrical properties of the structlaee characterized and the
results are discussed in detail. Furthermore, scale-up priscesplained for large area
sample fabrication as a promising route for commercialization.|dige area samples
are also characterized. Finally, future plans on interdigitdtedtsres and reducing the
periodicity of the structure are briefly discussed.



CHAPTER 1. LITERATURE REVIEW ON TRANSPARENT
ELECTRODES

1. Indium tin oxide (ITO)

ITO is widely used in the flat panel display industry and it banfound in liquid
crystal displays (LCDs) in computer monitors, televisions, and toadess. (Figure
1(a)) [16] In addition, ITO can be found in conventional silicon solds eead emerging
compound photovoltaics such as copper indium gallium selenide (CIGS) antuicadm
telluride (CdTe). [17] Furthermore, the emergence and developmendrganic
semiconducting materials have enabled novel solar devices sulyaasc solar cells
and organic LEDs. [18,19] (Figure 1(b)) ITO is highly reflectivetfog thermal infrared
(IR) radiation and is a key component in IR-reflecting coatingswondows in
automotive and architectural applications, and it is used as condutdgcigoa@es for

smart window and smart display applications with transmission intensity niodsla

(a) N (b)
Figure 1: Use of ITO as transparent conductingtaeddes in (a) high-definition LCD TV by Sony and) (b
organic solar cell panels by Konarka [20]

Since the turn of this century, the search for clean energy, anteduefor utilizing
energy more efficiently have been primary topics for both industry and acads®ach.
Such interests have spurred developments in organic solar cells)(@8gzsic light
emitting diodes (OLEDSs). [21, 22] The advancements in organic sellarand OLEDs
are largely processing advantages including lower production costs, iapde s
fabrication methods when compared to their inorganic counterparts. fruotiee they



offer the possibility of device fabrication on flexible substraiesr large areas, which

could greatly improve their functionality. [23-26] (Figure 2)
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Figure 2: Examples of (a) flexible organic solaitscand (b) flexible displays [25,26]

Currently, most OSCs and OLEDs employ indium tin oxide (IT@jted substrates as
their anode electrodes at the front side of the devices becaDseffars relatively high
transparency for visible light and low sheet resistance fatreal current conduction.
However, the optical transmission of ITO decreases with inagdkickness (Figure
3(a)). [19] This means that thinner ITO is desirable to havémiff optical transmission
for visible light harvesting. On the other hand, the sheet resest@ntTO is higher if
thinner ITO is used. (Figure 3(b)) Therefore, an optimal thickoéd¥O needs to be

chosen as compromise between the best optical and electrical properties.
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Figure 3 (a) The optical transmission of ITO on soda lime glass (SL®) different thickness and (b)
the sheet resistance and electrical resistivity of ITGlo@ andpolyethylene terephthalatBET)
polymer films at different thickness [8]



Furthermore, ITO is very brittlgZ/] and has poor mechanical stability, in addition to
indium’s high cost as a limited resource. Figursh®ws a 100nm thick ITO under
different tensile loading along the horizontal direction. It showsah#t28% strain point
defects start to form. At 1.43% strain, the point defects start to initiatddiieets (Figure
4(c)). As the strain increases further to 3.42%, many line defi@ech on the ITO surface

and this results in cracking and ultimately sample failure due to ekdgtath disruptions.

Figure 4 SEM images of ITO surface (a) without mechanical load, () Wie8% strain, (c) with
1.42% strain, and (d) with 3.42% strain [7]

These disadvantages in ITO have motivated the search for conduetitrgdes with
the same or better optical and electrical properties, which @mhlttve equivalent or
superior device performance. It is intuitive to consider metaiterials such as gold or
copper as the replacements for the ITO electrodes since thegsposatstanding
electrical properties, i.e. very high electrical conductigjti@hich are crucial because
they could enhance the performance of the transparent elecsigdeéigantly. However,
because of their extremely shallow skin depths, metallic m&ere highly reflective in
the visible spectrum regime, which will prevent visible lightsd¢raission. Figure 5
shows the sheet resistance and optical transmission at 400nmngéveléan ultrathin



gold film prepared by sputtering with different film thicknes&7][It shows that at a
thickness thinner than 6nm, the gold film has a visible transmission alreadydesx)%.
A thickness around 1nm would give a 70% transmission, but the sheenesistould

be increased significantly to @0o.
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Figure 5 The sheet resistance and optical transmission of ultrathin gold films [27]

Therefore, many studies have been performed on various metaltituses that can
permit high visible light transmission but also retain relativdligh electrical
conductivities. In recent investigations, carbon nanotube networks, rand@mrsgtal
nanowire meshes and patterned metal nanowire grids (fabricated nano-imprint

lithography techniques) have been evaluated as potential replacement.for IT

2. Graphene and carbon nanotube based transpailerg &s electrodes
i. Largearea, continuous, few-layered graphene

Graphene has been extensively studied due to its unique electronineghdnical
properties. Graphene film is formed with a single-layer, atdhickness sheet with
carbon atoms that are densely packed in a honeycomb crysieé. ldtt possesses
outstanding properties such as high conductivity, transparency, meghstnength, and
flexibility. [28] Graphene has been one of the more intriguing nadéan recent research

in different applications and many efforts are ongoing to utitizs a better transparent



electrode (compared to ITO). [29, 30] Graphene films with multgjerks are also being
investigated to improve their electrical properties.

One research group has reported a recent progress in the taegefeav-layered
graphene as anodes for organic photovoltaic devices. The grapheneasl synthesized
on a Ni film-coated SigSi wafer using chemical vapor deposition (CVD) process. [31]
To transfer the graphene films, the Ni film was etched use@sFand HCI solution. A
dry-transfer technique with a polydimethylsiloxane (PDMS) stavas used to transfer
the graphene film to another substrate. Graphene films witéreiiff thicknesses were
fabricated. For 6—-30 nm thick graphene films, the average shesanes varies from
1350 to 21@/o with an optical transparency from 91% to 72% in the visible light

wavelength range. (Figure 6(a))
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Figure 6: (a) Transmission and sheet resistancéhefgraphene films and (b) the schematic of the
photovoltaic device based on the graphene film [31]
Figure 6(b) shows the schematic of the photovoltaic device strucased on the

graphene films as transparent electrodes. Poly(3,4—ethylenddaptyene):
(polystyrenesulfonate) (PEDOT:PSS) was spin coated on the thinmprove the hole
collection. Poly(3-hexyl) thiophene and phengButyric acid methyl ester
(P3HT:PCBM) blend with 160nm thickness was the active layer @it labsorption.
Lithium fluoride (LiF) and aluminum were thermally evaporated donf the cathode.

The performance of the devices is listed in Table 1.



Table 1: Short-circuit current density (Jsc), opénuit voltage (Voc), fill factor (FF), and power
conversion efficiency (PCE) of various photovoltd&vices [31]

Te Ve FF PCE

Cell devices (mAfcm?) (V) (%) (%)

Pristine graphene 2.39 032 27 0.21
Craphene treated by UV 5.56 .55 243 0.74
Graphene modified by PBASE 6.05 055 513 1.71

ITO 0.03 0.56 6l 3.10

For photovoltaic cells based on pristine graphene films, the perioa(CE) is very
low at only 0.21%. The poor performance was attributed to the hydrophaiperfyr of
graphene which makes uniform coating of PEDOT:PSS impossiblempoove the
surface wettability, the graphene anode was modified by UV/ozmagntent. This
increased the PCE to 0.74%. Although the cell efficiency wasowepgl; the reduction in
FF has a negative effect on the device results the decre&sereflects the increase in
series resistance of the cell. This is due to the disruptidrearomatic bonding between
the carbon atoms by the oxygen groups produced by the UV/ozonedIlostd®/ozone,
self-assembled pyrene buanoic acid succidymidyl ester (EBA&s used to improve
the wettability of the graphene film without disrupting the carbonleoatdonding in the
graphene. The results show a much better efficiency at 1.71%. Howlegers still
inferior to ITO based photovoltaic devices. Nevertheless, the grougtestly reported
the layer-by-layer stacked graphene based device that héesr gierformance as the ITO.
[32]

ii. Carbon nanotube networks

Carbon nanotubes are molecular-scale cylindrical structures iiticacarbon. Most
single-walled nanotubes (SWNT) have a diameter of close to 1nmawiie length that
can be much longer. [33] The structure of a SWNT can be th@sgirapping a single
layer of graphene into a seamless cylinder. The strength o&then-carbon bonds gives
carbon nanotubes amazing mechanical properties. The electronictigmércarbon
nanotubes are also extraordinary. [34] Especially notable fa¢héhat nanotubes can be

metallic or semiconducting depending on their structure. [35] Mangies have been



done where carbon nanotubes were investigated as a potential repiaietieO due to
their superior electrical properties. [36]

Barnes’ group recently reported a carbon nanotube network as tearisgglactrodes for
organic solar cells without a hole transport layer. [37] The SVENc€trodes (inset of
Figure 7(a)) were produced using an ultrasonic spray methogidtds the extremely
smooth film. First, agueous SWNT dispersions were prepared udiigh-amolecular-
weight polymeric derivative of cellulose (sodium carboxymethjilmse (CMC)). CMC
has been previously reported as an excellent agent for disp8MINg's in water. [38]
Use of ultrasonic spraying combined with the CMC-based dispersiomsitp@recise
amounts of SWNTs to be uniformly dispensed over large areas. &amplke then

soaked in nitric acid to remove the CMC and produce conducting films.
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Figure 7(a) shows the transmission spectra of differentpaaest electrodes. ITO with
or without PEDOT:PSS layer still has superior optical trassiom in the visible
wavelength range. The &ic SWNT with or without PEDOT:PSS has about 70% in the
same wavelength region. The organic photovoltaic devices werecdtdati with
P3HT:PCBM blend solutions as the active layer with or without BBB®T:PSS as the
hole transfer layer (HTL). Figure 7(b) inset shows the NREitHied |-V curve for a
device made on a 6o SWNT electrode without a HTL. This device has a power

conversion efficiency of 2.65%. For an ITO-based device fabricatdteigroup without
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the HTL, the efficiency was shown only at 1.44% for the same&eatdiyer thickness.
This indicates SWNT electrode without PEDOT:PSS outperformdTi@e electrode.
Figure 7(b) shows data not from NREL-certified device measemé&snbut were obtained

on a well-characterized solar simulator with NREL calibraiefdrence diodes. It showed
that, for a 2@/o0 SWNT electrode, the device efficiency could be as high as 3.37%, much
better than ITO electrode without a HTL and similar to thatl'T®d with a HTL.
Therefore, carbon nanotube network electrodes are promising for fiménely organic
photovoltaic devices.

3. Solution-processed metal nanowire mesh traressgaelectrodes

Peumans [11] recently reported the fabrication of silver (Aghowire mesh as
transparent electrodes for organic solar cells. The Ag narowiee first synthesized by
the reduction of Ag nitrate in the presence of poly(vinyl pyrroliddfj)P) in ethylene
glycol by the Langmuir-Blodgett (LB) assembly technique [3&hjch can be used to
assemble a large-area monolayer of anisotropic building blocks. gheAowires are
8.7um long and have a diameter of around 103nm. Then, a volume of the nanowire
suspension is dropped on a glass substrate and agitated by a Shakesulting films
are random meshes of Ag nanowires without significant bundling ofswirat are
uniform over the area of the substrate, as seen in FigureA8(@).annealing at 200 C
for 20min to remove the PVP surfactant layer on the nanowires andedHe crossings
between the meshed Ag nanowires, a sheet resistance Qfcil®as achieved. The
nanowire meshes with higher nanowire aerial density could\schisheet resistance as
low as 1@/sq, which is at the same order of ITO glass. However, @asrsin Figure
8(b), as the nanowire density increases, the solar transmissivitasiesré his is because
nanowire mesh blocks more light when there is more material orsubstrate and
smaller open spaces between the nanowires. Nevertheless, thehadthohieved a high
solar transmittance of 84-88% with the sheet resistance of about¥f-22

To evaluate the potential use of a metal nanowire mesh as tramsgl@ctrodes, small
molecular weight organic solar cells were fabricated on theakgpwire meshes with a
solar transmittance of 86% and a sheet resistance(¥fil@he Ag nanowire mesh was
spin-coated with a layer of poly(3,4-ethylenedioxythiophene) pohgisgsulfonate)
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(PEDOT:PSS). The presence of the transparent, conductive PEB®Taker was used
to improve the holes collection efficiency.

An organic solar cell composed of 45nm of copper phthalocyanine YC4tan of
3,4,9,10-perylenetetracarboxylix bisbenzimidazole (PTCBI)/10 nm ofiobaproine
(BCP) was deposited by vacuum sublimation onto the Ag nanowirésW@nm Ag
back electrode. However, when comparing the performance to the dethidd O as the
transparent electrode (65mW/GnAM1.5 illumination), the Ag nanowire mesh device
does not show any noticeable improvement. Though the short circuit cteresity (sc)
is larger than the ITO based device, the open-circuit voltdge (s still lower, and the

cell efficiency is inferior to that of ITO based device.
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Figure 8: (a) SEM images of the Ag nanowire mesh, (b) its optigakmission and (c) solar cell
device performance [11]
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While the silver metal nanowire meshes have very good opticatpasencies
compared to ITO substrates, their electrical conductivitiesquivalent to that the ITO
substrates, but their solar cell device performances drafiior to ITO based devices.
Furthermore, they suffer from current shunting due to the random raftur@nowire

networks. Therefore, patterned structures are investigated to eBrsunat disadvantages.

4. Patterned silver grid structure for organic sotzells

Tvingstedt and Inganas reported on a patterned silver strustir@naparent electrodes
and their use for organic solar cell devices. [40] They utilizeidhple soft lithographic
metal deposition method for the patterning of the silver grids. fithdic channel
patterns in an elastomeric polydimethylsiloxane (PDMS) mole fdted with an
electroless silvering solution to generate Ag grids of widths dov2fitm and heights of
about 100nm, on both glass and plastic substrates. The electrblesmgisolution
mixture is prepared and added at the open ends of the PDMS channetapillzey
force and lower pressue at the other end of the channels providkssthg force for the
silvering solution flow. Figure 9(a) shows the actual sample @6um spacing, 40m
silver bar width, and 100nm height. The resistance over a length ofi8@@R for each
individual line. The transmission of the structure is shown in Figure 9(b) with ceopari
to that of ITO. The structure has a similar transmissiolT@sin the visible wavelength
range, and it is higher in the near IR regime due to the sorgeing between the silver

lines and, therefore, lower absorption and reflection.
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Figure 9: (a) Still image of the silver patterndelcerode and (b) its transmission comparison Wit [40]

A proof-of-principle organic solar cell device was fabricatededasn the silver
patterned electrode. The active bulk heterojunction layer in th@iorghotovoltaic cell
here comprise a blend of a low bandgap polyfluorene (APFO-Greere8ca®n donor,
and the methanofullerene [6,6]-pheny;-@Gutyric acid methyl ester (PCBM) is utilized
as the electron acceptor. PEDOT:PSS with diethylene gly¢eG{Dlvas used to enhance
the hole collection. And aluminum is evaporated on top as the counteo@ééedFigure

10)
Al top electrode
”) Active bulk heterojunction layer
”” DEG:PEDOT
/ Ag grid

Substrate
Figure 10: Schematic of the organic solar cell \lith silver grid as anode [40]

Different devices were made to compare their performace andesidts are list in
Table 2. It shows that a PEDOT-based device without ITO or v lias the lowest
efficiency at around 0.63%. The device with ITO plus PEDOT hasehigfiiciency at
0.83%. With the Ag grid plus PEDOT as the anode, the efficienitytiser increased to
1.00%. For the grid-based solar device, the FF is improved from 0.36 toTDi47is
attributed to the significantly smaller series resistanceeils using the high conductive
metal grids. The author also indicated better conductivity ofjtltestructure could be

obtained with smaller periodicity of the pattern.
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Table 2: Photovoltaic performance of cells with DBEEDOT anode with and without current collecting
Ag grids compared to an ordinary ITO based devi® [

Cell explaiting: Ju Ve FF PCE

[mﬁ.,"cmz] [¥] [36]
PEDOTwithout grid 3.05 0.58 0.35 0.63
ITOwith PEDOT 3.63 0.58 0.43 0.83
PECOTwith Ag grid 367 0.58 0.47 1.00

[W=40pm, S=600nm)

5. Nano-imprinted transparent metal electrodes mgamic light-emitting
diodes and organic solar cells

Jay Guoet al.[12-14] report on utilizing nano-imprinting lithography (NIL) technique
for making transparent metal electrodes for organic devices. Nlhistechnique can
produce metal electrodes with patterns of controlled metal thickaedsline-width,
which pose great advantages over random metallic nanowire meshesesidre for the
patterned metal electrode is a 2D rectangular grid steuetith two grating parts. One
has a 700 nm period as the main part of the electrode, and the secdras angeriod of
10 um, which is aligned orthogonally with respect to the 700nm period anged to
ensure the electrical continuity of the 700 nm period grating, lmssause some lines are
broken because of defects.

In order to obtain the desired metallic patterns, it is cruoidhbricate a NIL mold
with narrow line-width grid patterns. To achieve this, two 1D ggtsiQ molds are
used to make the 2D grid mold by doing the NIL twice. One 1Drgratiold has a
periodicity of 700 nm with a depth of 500 nm and a duty cycle of 50%.d0ty cycle is
the ratio of the line-width to the periodicity of the gratifitpe second 1D grating mold
has a periodicity of 1@m and a line-with of 850 nm. Buffered HF solution was used to
etch both silica molds to reduce their line-widths to 70 nm and 400espectively, so
the resultant 2D grid mold would have narrow line-widths for high optiaakparency.
After the buffered HF etching, the 10n 1D mold was first used to imprint a 140 nm
thick nano-imprint resist spin-coated on a Sfbstrate. (Figure 11(a)) After demolding

and anisotropic oxygen plasma etching to remove the residual fresisthe imprinted
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area, a 20 nm-thick chromium (Cr) was deposited as mask for theeexBa® area.
After the resist lift-off in acetone, a 20 nm thick Cr gratimgs formed on the SiO
substrate with 1@m periodicity and a 400 nm line-width. (Figure 11(b)) Aftersthi
another 140 nm thick nano imprint resist was deposited onto thissBlf3trate, which
already contained the first very thin Cr grating, and anotherimtnpy step was repeated
on the resist with the 700 nm period, 70 nm line-width 1D mold, with théngra
direction oriented orthogonally with respect to the first one. Adtesther metallization
and lift-off, the substrate has two 20 nm thin Cr gratings on top o dorectangular grid
pattern with 700 nm and 1@m periodicities. Then, reactive ion etching (RIE) was
performed to transfer the grid pattern from the 2D Cr mask ositbesubstrate, also
forming a 2D rectangular grid pattern (140 nm deep) after Cr removal. (Figuje 11(c

Pattern 1 [ 1 [ ] [ ]
polymer Substrate

1. Imprint

*Press Mold template
111111
metal mask
*Remove Vold

[ ]

2. Pattern Transfer ISR N T N N R |

«RIE ion etching I I I
(b)

(a)

Figure 11:(a) NIL technique for resist patterning on substrate and (b)llination of the patterned

resist for pattern transfer in the substrate by using the metsk, and (c) the SEM image of the 2D
grid pattern on the Sisubstrate after the NIL applied twice [12]
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After the 2D pattern on the SiGubstrate was fabricated, it was used as an imprint

mold to make 2D metal patterns. The functionalities of these rpattrns were tested
as metallic transparent electrodes. To do this, another Nhnitpee was performed on
an imprint resist-coated glass substrate. This time, only opénirstep was needed
since the 2D imprint mold was used and a 2D pattern would form lo@te@sist at once.
After demolding and excess resist removal in the imprinted, ai€erent metals were
deposited onto the substrate at a thickness of 40nm. After lift-afeofesist, a smooth
and homogeneous 2D metallic grid pattern was formed on the glass teutstinatwo
periodicities, one is 700 nm with 70 nm line-width and another igrhOvith 400 nm
line-width. (Figure 12(a)) Different metals such as Au, Cu,/Andvere used to fabricate
the 2D patterns and the optical transmission of Au and Cu in theevsglelctrum range
(Figure 12(b)) is over 80%, and the average transmission of #lgasabout 78%. This is
attributed to the narrow line-width (70nm) of the 700nm grating, whéelOum period
grating (400 nm wide) only served to ensure the electrical cbonscof the smaller
grating without affecting its optical properties. A four-point probethad was used to
measure the sheet resistances of these metal electrobdesas found that the sheet
resistance for Au, Cu, and Ag electrodes were (24q, 28 Q/sq, and 23Q/sq,
respectively, which are all higher than that of ITO (A/2q). This is due to the narrow
line-width and small thickness of the metals (resulting in alstnass-sectional area).
When the thickness of the Au electrode was increased from 40 nm to,80ensheet
resistance was decreased fron2&4 to &/sq. However, the average transmittance of

Au electrode was reduced from 84% to 78%.
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Figure 12: The SEM images of the 2D metallic grids fromdpyiew and (b) sideview and (c) their
optical transmittance in the visible spectrum. [13]

To demonstrate its feasibility, organic solar cells (OSG=ewabricated using these
metallic patterns as the front-side electrode. Firstlygorint resist was prepared using
the 2D SiQ grid imprint mold by NIL, and a flexible composite PDMS stangs made
using the patterned resist as master. Then a 40 nm thick nyetalas deposited on the
PDMS stamp, and the metal pattern on top of the PDMS was trausfer a
PEDOT:PSS coated glass or PET substrate. (Figure 13(a)) Tiethera conducting
PEDOT:PSS layer, light absorbing P3HT:PCBM blend (1:1 wt/imt)N; purged glove

box), and LiF/Al cathode were deposited onto the substrate to cortipdedeganic solar

cell device.
a) \\,PDME;I s 6
\ el E
4 Slight Pressure // 4 —ITO
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Figure 13: (a) Schematic of nano-imprinting of metals on PEDOT thin filimfleixible PDMS stamp
for solar cell fabrication and (b) its performance [13]
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The fabricated solar cells had an area of approximately ¢.1Gumrent versus voltage
characteristics were measured in air by illuminating ti&@evices with AM 1.5G at
100mW-cn (Figure 13(b)) and were compared to a device fabricated with ciowaint
ITO electrode, and the characteristic parameters for diffeztectrode materials are
listed in Table 3.

Table 3: Device characteristics of solar cells fabricatsitig nanopatterned Au, Cu, and Ag and
conventional ITO electrodes [13]

Transparent Electrode Joc [mA - cm ™7 Vo [V] FF [9%] Efficiency [%)]

ITO 5.59 0.59 0.61 2.00
Au 5.50 0.57 0.62 1.96
Cu 5.71 0.57 0.63 2.06
Ag 5.34 0.58 0.65 2.00

It was shown that the devices with metallic nanopatterned eflestrhave similar
characteristics as those with an ITO electrode, and the paneersion efficiencies are
all at around 2%. It was worth noting that the device with the €ctrede showed a
slightly increased photocurrent and power conversion efficiency (2.66%dmpared to
those with the Au or ITO electrodes. The optical transmissioBwfnd Au are very
similar, which led the authors to reason that it is becausd .65 €V) has a lower work
function than Au (5.22 eV). Therefore, Cu has better hole collectioriesffly between
the electrode and PEDOT:PSS layer. Thus, it is expectedntpabvements in device
performance through efficient hole collection by using metatls leiwwer work functions
than PEDOT:PSS.

The patterned metal grids show good visible transparency, whichactasved by
choosing small line-widths and thickness for the patterned metals. A hbag sheet
resistance is on the same order as the ITO substratestilt gggnificantly higher than
that of bulk metals. However, it is desirable to obtain thetrgdat conductivity of
patterned metallic structure close to that of bulk metals, thsidting in better device
performance. This has motivated a new area of investigationpirouimg the optical and
electrical properties in patterned metallic structumed lence improving organic solar

cell device performances. Furthermore, the nano-imprint litipbgréNIL) technique at
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present is still costly compared to other standard nano-patiefiaidnication techniques.
For economic viability, it is crucial to find new ways to utilizemmonly available

processing methods in order to reduce the cost for mass production.
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CHAPTER 2. CONTROLLING THE LIGHT WITH
PHOTONIC CRYSTAL STRUCTURES

1. Photonic crystals in nature

Although the concept of synthetic photonic crystal was introduced nobmgoalgo, its
existence has long been evident in nature. [41, 42] The wingdoftexfly consist of
small scales, which have microscale periodic patterns. (Figl{eg) These patterns can
selectively reflect certain wavelength of the visiblélignd a structural color is seen in
the butterfly wings. Another example is the Australian opal ¢@mes In opal, spherical
silica beads with nanoscale sizes are arranged in a perasghofi. Visible light is
diffracted and reflected from the surface of opal, and distinct ca@an be observed.
(Figure 14(b))

morpho didius

Gem quality opal from Australia

(b)

Figure 14: (a) Periodic patterns in the scaleshef tutterfly wings, and (b) pariodically arrangei®S
spheres in an opal gemstone. [41,42]
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2. Definition of photonic (bandgap) crystals

Since the concept of photonic band-gap (PBG) crystals, or photoni@alsrystas
introduced by Eli Yablonovitch over two decades ago, significant pregres
understanding and fabrication has been made by many theadstx@erimentalists [43].

Unlike naturally existing crystals, PBG crystals are lsgtically fabricated periodic
structures that manipulate electromagnetic (EM) waves. Witleset designed media,
though the majority of the EM waves are able to propagate/fithelre are EM waves of
a certain frequency range that cannot propagate in one oreditidirs depending on the
configuration and dimensionality of the structure. Therefore, PB{Gtals can be

categorized into three groups with respect to the dimensionalities of therys

i

periodic in periodic in periodic in
one direction two directions three directions

Figure 15: Schematics of one, two, and three dimensional photonic crystals [44]

One-dimensional (1D) PBG crystals are the simplest photonitalsys general, a 1D
photonic crystal is in the form of a multilayer film made &kmating layers of two
materials with different dielectric constants (or indiceseffaction) so that the structure
is only periodic in one direction. (Figure 15) They are usually knava Bragg mirrors
or multilayer reflectors. [44] The propagation of EM waves in a one-dimensionadlioer
structure was first studied by Lord Rayleigh in 1887 and the oppicgberties of
multilayer films have been widely studied and utilized for desabat it was not until

recently that they are regarded as a sub-category of photostalsryThe most used 1D
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photonic crystal structure is the dielectric mirrors. A diglechirror is a type of a mirror
composed of multiple thin layers of dielectric material, tylbhyodeposited on a substrate
of glass or some other optical material. By careful choidbeotype and thickness of the
dielectric layers, an optical coating with specified reigty at different wavelengths of
light can be designed. Dielectric mirrors are also used to pradtreehigh reflectivity
mirrors of 99.999% or better over a narrow range of wavelengths.

A 2D photonic crystal is constructed so that it is periodic i tirections and
homogenous in the third. Therefore, band gaps can exist for the p&neohtains the
periodicity. Introducing defects into 2D photonic crystals has alem lievestigated.
Strong confinement and control of photons is possible by utilizing tBBsphotonic
structures, and they have found applications in waveguiding in the opbo®#in as
photonic crystal fibers with performance superior to ordinary dpfibars. Photonic-
crystal fibers (PCF) are a new class of optical fiber dasethe properties of photonic
crystals. Because of its ability to confine light in hollow som with confinement
characteristics not possible in conventional optical fiber, POfés nrow finding
applications in fiber-optic communications, fiber lasers, nonlinear egyvitsigh-power
transmission, highly sensitive gas sensors, and other areas. [45]

Three dimensional (3D) photonic crystals have full photonic band gaps tinree
directions in space. The parameters that influence the bandrgetur®, thus the optical
properties of a 3D photonic crystal, are the symmetry of thectare, the dielectric
constant contrast, the filling ratio, the structural topology, andhpe of the scattering
centers. In order to have a complete band gap, the Brillouin ZoneiriB@&xciprocal
space should be constructed to be as close as possible to the sagphefe to allow
frequency overlapping in all directions in space. [4®f first-order BZ of aface-
centered cubic (FCC) structure has the closest resemblance sggheae. If the
requirements of parameters above are fulfilled, such as aehmigh dielectric contrast
(e1/e2> 2), a full photonic band gap can exist in the band structure. Aabyfiist-order
BZ of a FCC structure and its band structure is illustrated in Figure 16.
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Figure 16:(a) First-order BZ of a FCC structure and (b) its correspontamgy structure, most
applications will require at least a 10% gap/mid-gap ratio [47]

The first periodic dielectric structure to possess a full @Abtonic band gap was the
diamond structure with the tetrahedral symmetry and was theadhgtiiscovered by Ho
et al. in lowa State University. [48] However, the diamond structur@ot easy to
fabricate experimentally, especially at the micron and submitength scales for
infrared and optical applications. Modified forms of the diamond sirectvere
developed in order to facilitate the fabrication of 3D photonic ciystahe first
successfully experimentally fabricated 3D photonic crystal wasstructed by
Yablonovitchet al.in 1991 and was given the name Yablonovite. (Figure 17) [49]
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Figure 17:Schematic of the Yablonovite 3-D PBG crystal construction. Aalalelectric material is
covered by a mask containing a triangular array of holes. Eaclistarifled through three times at a
35.26° angle away from normal and spread out at 120° on the azirttutlesgect to each other. The
resulting structure below the slab is a fully 3-D periodic F&flicture with the band gap in
microwave region. The removed volume fraction is 78%. [49]
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3. Layer-by-layer 3D PBG structures

A layer-by-layer (LBL) structure, which is also named theodpile structure, that
could exhibit a full 3D photonic band gap was first proposed byeHal. [50] In
designing the LBL structure, layers of dielectric rods amek&ld in a sequence such that
every four layers repeats with a distanceWithin each layer, the rods are parallel to
each other and separated by a periodic distamcEhe adjacent layers are arranged so
that they are oriented 90° to the first layer and the subsequerd &geshifted by half
period (0.%) in the direction perpendicular to the rod axes. A schematic afdloepile
structure with rectangular cross-sections is shown in Figur&u@ermore, changing
the rods to circular or elliptical cross-sectional shapes doesritmally affect the
performance of the crystals even if the aspect ratio inggdth Thus, it was concluded
that the photonic band gap is insensitive to such structural detass lhlso pointed out

that forc/a=+/2 , the structure can be considered as an FCC wteusith a basis of two
rods; otherwise the symmetry is face-centeredgetral (FCT). However, Het al. state
that the c/a ratio can be varied but an optimiadt Hand gap can still result with a
relatively high gap/mid-gap ratio, provided thag tthielectric contrast of the material to
that of air is greater than 1.9 and the fillingoaif the solid material in the structure is at
its optimum. [50]
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Figure 18:Woodpile LBL photonic crystal structure and its photonic DOS diagram [51]

The first woodpile structure was built by Ozbaythe microwave range by stacking
alumina cylindrical rods (refractive index = 3.1ndain far-infrared range by silicon
micromachining on (110)-oriented silicon wafers. ig(fe 19) Transmission
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characteristics of these crystals showed a gooeeagent with the calculated theoretical

predictions. [52]
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Figure 19: First woodpile photonic crystal structures and their transmssisi GHz range [52]

Lin et al. later utilized microelectronics fabrication teaunesto build infrared-range-
wavelength LBL photonic crystals, which are madeafycrystalline silicon (refractive
index = 3.6). (Figure 20(a), (b)) [53] It was foutitht when the EM waves propagate
along the stacking direction, the Fourier-transfamimared (FTIR) transmission spectrum
shows a strong dip in 10-rh, indicating the existence of the 3D photonic bgag in
this range, and the dip becomes more evident asuimder of layers is increased from 2
to 5. (Figure 20(c)) The gap/mid-gap ratio of 4Gtarge. With such a large 3D bandgap,
detailed manipulation of photonic defect states piausible for many practical
applications.



26

100

Transmittance (%)

10

0 e it qoml.-

EJ 9 12 15 13. 21
Wavelength (um)

Figure 20: SEM micrographs of the poly-Si photonic crystal (a) \dealeng the stacking direction (b)

and viewed from cross-section, the spacing between adjacent #@sns rod with is 1.4m, and

the layer thickness is luf, (c) the transmission spectrum is also shown for light propagating al
the stacking direction. [53]

Lin et al. [54] also reported on a three-dimensional tungsteadpile photonic crystal,
which experimentally shows IR radiation enhancenatrihe near-infrared (NIR) range.
The 3D tungsten photonic crystal is fabricated gisanmodified silicon semiconductor
fabrication process. A layer of silicon dioxiddirst deposited and patterned on a silicon
wafer. Then a 500nm thick tungsten film is depasato the silicon dioxide pattern to
fill the channels. The overlayer metal was then aesd by a chemical mechanical
polishing process. Another layer of silicon dioxidedeposited and patterned on the first
polished layer. The process is repeated severa@stito produce consecutive tungsten
gratings with the adjacent layers aligned perpandity to each other. At the end of the
process, the silicon dioxide is chemically etchesbulting in a free-standing thin film
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photonic crystal structure. (Figure 21(a)) The @aigity of the structure s 1utn, and the
tungsten rod width and height are @band 0.75m, respectively.
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Figure 21: (a) SEM image of a 3D tungsten woodpile photonic crysta{tgrits emission spectra
when electrically heated to different temperatures [54]

The 3D tungsten woodpile structure is biased fiplyang a voltage across the sample
area and is heated via joule heating. The emisgpectrum (Figure 21(b)) measured by
an FTIR spectrometer shows the radiation powehefsample at different temperatures.
The blue curve is the radiation power of a blackbad 1500 Kelvin (K). As the
temperature of the sample increases, the radigbever also increases at the main peak
region, which is located at around b wavelength, which is at the bandgap energy of
GaSb of 1.73mm, while the radiation beyondrBwavelength is significantly suppressed.
The radiation peak also becomes narrower and Blighifted to smaller wavelength

when the temperature is increased.

4. Layer-by-layer fabrication of polymeric moldsdwnft lithographical
techniques

i. Conventional soft lithography

Soft lithography was first introduced by Xia and MWékides as a non-
photolithographic method of micro- and nanofabrarat [55] In this technique, a
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patterned elastomeric stamp, which can be madelg{dimethylsiloxane) (PDMS), is
first prepared by cast molding, in which a prepadyrof the elastomer is poured over a
master having a relief structure. After thermallyiog, the rigid PDMS mold is peeled
off and ready for further use. The master can HUaridated by ultra-violet (UV)
photolithography with a photoresist structure pattd on a solid support such as silicon
a wafer. Therefore, the pattern on the PDMS starap the negative profile and

topography of the master.
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Figure 22:Procedure of making the PDMS stamp and the steps of microtranefding («\TM)
technique [55]

In the microtransfer molding (LTM) technique oftdithography, a thin layer of liquid
prepolymer (organic polymers or sol-gel precursassipplied to fill the patterned
surface area (usually in micro-scale) of a PDMS dndlhe excess prepolymer is
removed from the top of mold. The PDMS mold, filldh prepolymer in the patterned
area, is placed in contact with a substrate and tdoaverted to solid by UV-curing or
thermal curing. When the PDMS mold is carefully Ipdeoff the substrate, a patterned

structure remains.
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ii. Two-polymer microtransfer molding (2P-uTM)

For the purpose of making LBL polymeric strucjréhe photoresist structure on the
solid support of the master is a series of pardisk, and the resultant PDMS stamp is
patterned in the form of parallel troughs. By usihg UTM technique, a one-layer
parallel polymeric bar structure in micro-scaldaemed. In order to make 3D layer-by-
layer structures, Jae-Hwang Lekal from lowa State University (ISU) demonstrated an
improved microtransfer molding method called twdypoer microtransfer molding (2P-
uTM) by which precise LBL polymeric structures caa made. [56] In 2RTM, two
prepolymers are used, one as the filler in the PId&ghs, and the other as the adhesive
to enhance bonding between the first layer andsthestrate and also between adjacent
layers. The filler is UV-curable polyurethane (Pahd the adhesive is polymethacrylate
(PA). A wet-and-drag (WAD) infilling method is uséd apply both prepolymers. After
UV curing of the prepolymers, a single-layer PUgtlat bar structure is formed with a
thin layer of PA on top of each PU bar. The dimensiof the bars are luh in width
and 1.1um in height. A two-layer woodpile PU structure d@made by simply stacking
the second layer on to the first one with the beection arranged so they are 90° to each
other. (Figure 23) LBL structures with higher numbé layers can be fabricated using
the same process. The gPPM technique is residue-free and has a higher fearnyseld
for each layer than the conventional pTM technigdel2-layered PU mold was

successfully built using this technique. (Figurg 24



30

y
j/

PU (Filler

/
i
o

| ¢ UV exposure
» Peel PDMS off

l
S
S || TR
|

Figure 24:SEM image of a 12-layer LBL PU mold built by 24PM technique [56]
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5. Soft-lithographical fabrication of titania wooitgp photonic crystals

The multilayer woodpile PU structure demonstratssmple and economical fabrication
process of 3D microscale patterning. However, P8 aeefractive index similar to glass
at around 1.5. This indicates low dielectric cositt® show the photonic bandgap effect.
Nevertheless, the PU mold provides a high quabétyplate for further fabrication to
make 3D structures of materials with high dielecttonstant to illustrate the photonic
bandgap effect. The photonic systems group in I18d has successfully used the PU
mold as template to fabricate ceramic 3D woodpitecsures with a relatively high
refractive index material. [57] Titanium dioxidei(f;) with optical wavelength refractive
index of around 2.3 was used to form the 3D woadpifucture using the PU mold as
template. In order to successfully transport thewrogc titania material into the micro-
sized polymeric mold, titania slurry was prepargdrbxing nanosized titania particles in
agueous solution. The infiltration of the slurrysagone by the vacuum-assisted pressure-
driven microfluidic flow. The as-received titanianmoparticles (NanoTek® Titanium
Dioxide, Nanophase Technologies Corp.) had neaiescal shape and an average size
of 34 nm. The particles contain both anatase atitk nphases with the majority phase
being anatase. The concentration of the slurry 208wt. of solid particles in DI (de-
ionized) water. After the slurry was prepared, &swagitated in an ultrasonic bath for at
least 1 hour to disperse the nanopatrticles indueaus solution.

The slurry was extracted with a needle syringe, thedheedle was then removed and
replaced with a 0.2@n syringe filter before placing solution droplets the PU mold.
After placing ~5 drops of the titania slurry on tR&J mold, the mold was totally
submerged in the slurry and was put into a vacutmamber. Then, a vacuum was
applied to extract air trapped within the mold stawe allowing the slurry to be drawn in.
After this step, more titania was spin-coated adhe®oPU mold until homogenous ceramic
surface was achieved. After infiltration, the saenwhs dried in air for one day. The final
stage was to transfer the structure to anothertrsibsto expose the portion of the
structure in contact with the original substratesikcon substrate of a comparable size to
the PU mold structure was placed on the dried samping an adhesive (PU). The

sample was then placed in a point-contact moursiiage and put into a low intensity UV
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chamber to cure the liquid PU for 3 hours to foh $econd backplane. After curing, the
sample was placed in an isopropanol solution tsaliie the photoresist, and glass
substrate was carefully removed from the samplayimg the sample on the silicon
substrate. The whole procedures are illustratédgare 25.

(@) (b)

Sacrificial layer

Glass J
(d) (€) 0
Silicon
Silicon - lSi.Iicon.. =

Figure 25: Schematic illustration of the titania woodpile structaipeication procedure. (a) Template
fabrication on a sacrificial-layer-coated glass plate; (bjudan-assisted wetting of titania slurry; (c)
Multiple spin-coating and drying; (d) Silicon wafer bonding with a photedaler prepolymer; (e)
Separation of glass plate by dissolving the sacrificial layer; (d-[57]

Our group fabricate woodpile structures having tavdwelve layers, where 4-, 8- and
12-layer structures are semi-crystalline. A 12-ftag@mple is shown in Figure 26 as an
example of the results of infiltration. The struetinas a total thickness of over 14pm and
is 3.5x3.5mmin lateral dimensions. Each rectangular rod igth@vide and 1.0um high
and the center-to-center spacing is 2.5um, whicresponding to a filling ratio of 36%.
A low-magnification SEM image (tilt angle of 60° tbe surface normal) shows a well-
defined large-area structure (Figure 26(a)). Inoaar view (Figure 26(b)), all 12 layers
are clearly visible with an underlying layer, (Whiwas once the over-layer). The quality

of the resulting structure is very high and eddesagh bar are sharp.
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Figure 26: SEM micrographs of a 12-layer titania woodpile strueindethe reflectance spectra of 2-

layer, 4-layer, 8-layer, and 12-layer samples with comparison to silicoitamd {57]

The reflectance spectra of titania woodpile striegon silicon wafers having different
numbers of layers are measured by a Fourier-trams$pectrometer with a microscope
(Bruker Hyperion 1000) with a sampling area of afmately 100x100p/ In Figure
26, the reflectance spectra are shown with theectfhce spectra of a bare silicon
substrate and a bare titania plate from the sammeyslFor a 2-layer structure, the
reflectance spectrum shows no distinctive peakfahows that of silicon in the longer
wavelength region. The reflectivity is slightly lewas the 2-layer sample scatters light
rather than reflects coherently due to its incoreplealf unit-cell. We also see an
absorption feature of titania in that region. Tlelectance at wavelengths shorter than
4.5um drops considerably because of diffractiomfriie PC structure and additional
scattering from structural roughness. However, 4g9r 8- and 12-layer structures, the
reflectance at the main bandgap around 5um con8istacreases as a function of the
number of layers over that of silicon in contrasother peaks. For thicker samples, the
baseline of reflectance is closer to bare titaathar than to bare silicon because optical
effects from the silicon substrate are shieldethigymultiple layers. The peak reflectance
of the 12-layer sample is about 0.8, which is alnidsfold higher than that of titania
film at the same wavelength. The theoretical réflece spectra of the 12-layer structure
were calculated. The calculated reflectance spec&ran very good agreement with the
measured spectrum in the frequency region of thén nband gap and at longer
wavelengths. The discrepancy between the calcalaia the experiment is obvious at
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shorter wavelengths because the optical effects fdiffraction and alignment are
considerable. It is worth emphasizing that the senystalline woodpile structures with
only 90°-alignment could be very advantageous fiplieations utilizing its main PBG
because its optical functionality is comparabléhet of a perfectly aligned crystal. [57]

6. Woodpile structures with 1um periodicity

Further experiments were carried out to examine feéwsibility of the 2R:iTM
technique for the fabrication of layer-by-layerustures with smaller feature sizes.
Firstly, a silica master with parallel grating bavas used to prepare PDMS molds. The
grating bar dimensions are 400nm x 400nm x 4mmtfwkdheight x length) with a line-
to-line spacing (periodicity) ofyiin. The patterned area was 4mm x 4mm, which contains
4000 grating bars. The PDMS molds are prepareddarsame manner as the b pitch
masters. However, due to the elastomeric natuteeosoft PDMS molds, the features of
the molds with im periodicity or less sometimes deform and distartd channel
collapse may result after peeling off the PDMS fritra master and leaving it in air for
even only a few hours. This could ultimately redtrezfinal transfer yield greatly for the
polyurethane patterns during the gPM. To avoid such process complications, the
PDMS molds are used for the 2PM immediately after they are freshly peeled off of
the grating master, when the PDMS features areirgtiict. During the 2ReTM, it was
found that PU is over-cured after 4min high UV expp@. This is due to the reduction of
the feature size of the PU bars in the PDMS madltie. smaller dimensions of each PU
bar in the PDMS channel require that the amouildimaterial is much less than that of
2.5um period samples. Therefore, the high UV exposure heeded to partially cure the
PU before placing the adhesive must be reduceddi aver-curing of the PU, which
would reduce the PU transfer yield significantlyneToptimal time for the high UV
exposure was found to be 65 seconds instead ofndites. Furthermore, it was also
found that at im feature size, pure PA did not provide sufficiadhesion for the PU to
transfer from the PDMS channels onto a substrateimiprove the transfer yield, a
mixture of PU and PA prepolymers was used. The rative of PU is greater than PA,
but it is also much more viscous making it diffictd form a thin glue layer on the orders
of nanometers between the PU bar and the subsTita¢eefore, mixtures of PU and PA
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were chosen so that it has sufficient adhesionratadively low viscosity. The optimal
mixture ratio of PU to PA is 3:7. The PU+PA mixtuveas thoroughly mixed by
ultrasonication for at least one hour before usee $EM images (Figure 27) show that

with the improved parametersurh period woodpile PU structures can be made with
high yield of 4mm x 4mm area.

Figure 27: SEM images of 2L and 8L PU woodpile structures with geriodicity

The optical properties of theuth periodicity structures were characterized. The
specular reflection of 2L and 8L samples was meamswsing a FTIR spectrometer
(Magna 760) in the near IR region. (Figure 28) Tigkt source was polarized to see the
effect of different polarizations. The results shihat for a 2L structure, the reflection is
quite low and is below 15% for both polarizatiorfsor the 8L structure, both
polarizations produced reflection peaks at arou@dm and 1.am wavelengths. For the
1.2um peak, there were two sub-peaks. Both polarizati@ve similar reflection around

30-32%. For the 1um peak, one polarization has reflection intensityuad 25%, but
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the other has reflection around 37%. These integsteatures of polymer based
woodpile structure are worth of further investigas.
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Figure 28: specular reflection spectra pfriperiodicity woodpile structures with 2L and 8L
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CHAPTER 3. EXPERIMENTAL APPROACH AND
SAMPLE CHARACTERIZATION

1. Fabrication process of high aspect ratio struetu

i. Introduction of thefabrication process

The structure is fabricated in a multi-stage pssc First, a polyurethane (PU) grating
structure with a periodicity of 2un is fabricated on glass substrate by two-polymer
microtransfer molding (2-RTM). [56] (Fig. 29a) Metal films such as gold and sileee
deposited onto the grating structure by e-beamaasipn. The sample is tilted 45° to the
normal direction of the source so the PU bar itaglifact as shadow mask to block the
metal from being deposited on the bottom of thexdine In order to achieve high
transmission, the metal on top of the PU barsnsored. We employ argon ion milling, a

physical etching technique, to physically remowetietal by ion bombardment.

Low angle
argon ion milling
) M etal angle evaporation
PU grating M etal top removed

: | 1%] (mes
HE B B B

_ _Fr _ _J
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Figure 29: Schematics of the fabrication procey®(aone-layer grating by 24FTM on glass substrate, (b)
angle depositions of metal films on PU grating, dzkctional low angle argon ion milling to remothe
metal from the top.

ii. 2P-uTM for one-layer (1L) PU grating fabrication

A PU polymeric grating structure was first falatied using the two-polymer
microtransfer molding (2RTM) technique on a transparent substrate such ass gir
sapphire. [56] Using an existing PR master for mgkK8D woodpile photonic crystals, a

one-layer PU grating structure with gré periodicity was fabricated. [56] The PU bar
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height is around 12n, and the top and bottom widths are @®5and 1.3fm,
respectively. Therefore, the profile of the PU bawss isosceles-trapezoidal and has a

base angle around 80°.

« Place a substrate
. R he mold
PU (Filler) — ond
y TetWAD Substrate
3 ‘Gz.
l PDMS
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. 3 AN EEEENR
PDMS | PU grating
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 2nd WAD
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Figure 30: Schematic for making one-layer PU gmpstructure with 2ReTM and the SEM images of the
PU grating structure at (a) high and (b) low resohs

Figure 30a and 30b show scanning electron micras¢®gM) images of the PU grating
structure on a 2Q0n thick glass substrate at both high and low magatibns. Typical
samples have an area of 4 x 4 mitherefore, a single continuous PU bar has a teofjt
4mm. There are a total of 1600 microbars in onepdarand it is possible some bars
could have breakage along the length. Neverthetessnsfer yield of 99% PU bars is

achievable and desired for the subsequent falwitatiocess steps.
iii. Obligue angle metal deposition
Karabacak and Lu [58] showed a patterned structtoeld be coated with a

homogenous metal layer using the oblique angle sigpo at various angles. (Figure 31)
A dc magnetron sputtering system was used to depaksenium (Ru) onto the substrates
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with heights 400 nm and width 200 nm, which gives aspect ratio (AR) 2:1. The
substrates are attached to a stepper motor aneédaba fixed speed, and they are tilted
at 15° and 30° for sidewall coverage. It was shthan at 30° tilted angle the growth rate
at the sidewalls is approximately the same as ahahe bottom. Such technique of
sidewall coverage of metals could provide potendipplications for fabricating high
aspect ratio metal nanopatterns.

Obliquely
incident flux

i substrate
rotation

Figure 31: Oblique angle deposition on patterned substrates [58]

For the purpose of transparent electrodes,neessary to eliminate the metal coating
in the channels between adjacent bars and on fheft®U bars. By choosing a tilted
angle of 45° or higher with PU bars of 1:1 aspatib, the metal deposition is blocked
by the PU bars so that during the thermal evapmratiey only coat the sidewalls and
tops of PU bars but not the spaces in betweendhe hhe same steps can be repeated
from the other side of the PU bars to coat theratlgewall of the PU bars. (Figure 32(a),
(b), (c)) Different metals such as gold (Au), copf@u), silver (Ag), and aluminum (Al)
can be deposited. The deposition rate for the metals maintained at 0.1nm/sec to
ensure homogeneous metal coating. The e-beam etap@ressure was maintained at

10° Torr during deposition. The metal thickness wassen to be between 20nm and
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80nm so that the sidewalls have narrow line-widthsallow optical transmission for

visible light.
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Figure 32: Schematics of oblique angle deposition of metallic iatefa) Starting PU grating
structure on glass substrate, (b) 45° angle deposition of metabfreside of the PU grating, and (c)
45° angle deposition of metal from the other side of the PU grating

Figure 33(a) shows SEM image of a one-layep.5eriod PU grating on a glass
substrate after angled thermal evaporation of 4Qaln on each side of the PU bars. The
images show good coverage of gold on the top atelsills of the PU bars, while the
space between the bars are not coated. BecauB&Jtbars have a trapezoidal shape, the
structure after metal deposition also has the ssimpe, which is best illustrated by the
SEM image of the sample with PU removed by KOH ieigh(Figure 33(b))

(a) (b)
Figure 33: (a) Angle deposited gold 40nm on PUiggaand (b) PU removed by KOH etching revealing

the metal profile
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The metal film thickness was chosen to be latigan 20nm with the consideration of
the growth mechanism of metal films. [59] (Figuk® & metal film is considered to form
nuclei by the evaporated atoms in the beginning atel slowly aggregate into islands.
The islands will coalesce at about 10nm thickness then create a non-uniform film
first. A continuous metal is formed when the thieks is reached at 20nm. Therefore, in
order to obtain a uniform continuous metal filmtheckness above 20nm is needed. It

should be noted that in reality metal films forrnascale grains not single crystals.

Growth stage Structure Thickness

Metal nuclei (nm)
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Figure 34: Gold metal film growth by conentionabgweration (c.e.) and ion-assisted evaporatior) (b8]

iv. Removal of metal top layers by low angle argon ion milling (etching)

With the metal on top of the PU bars, the opticahsmission cannot be sufficiently
high for transparent electrode applications. Indesddiscussed in the next section, the
optical transmittance of visible light for a gré pitch metal coated PU grating is only
about 40% with the metal on top of the PU bars.rd&foee, it is crucial to remove the
metal top layers for higher transmission. It isoalecessary to ensure the sidewalls are
intact during the metal top layer removal so thedectric properties are not affected.
Argon ion milling was found to be a very effectisad cost-effective method for such
purpose.

Argon ion milling is a conventional technique efgl used for sample preparation in
transmission electron microscopy (TEM) in whichradthin samples are required for
characterization. Unlike the more popular focusewd lbeam (FIB) etching technique,

which works at very high resolution at nanometealescargon ion milling is much less
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focused and can process samples with much largesaj60] This is an advantage for
sample fabrication with high throughput and largeaa Although there are several
options for instruments that are designed to accodate different ion source materials
and various milling conditions, we focus here omaagon ion source for metal top layer
removal for the current process. It has been shinnhargon ion milling is capable of
etching metals such as gold and silver, and it @an be used to remove oxide for
nanostructure fabrication. [61, 62]

The two most important parameters for argon iorimgilare plasma generation and
ion extraction. The ion source used in this stuslyaiPenning ion source [63]. The
instrumental setup of the Penning ion source igmmettically presented in Figure 35(a).
The ion source has a gas inlet for argon to floa ebntrolled rate into the chamber. The
argon gas is then ionized by electron impact atrda cold cathode and a plasma
discharge is created. The plasma chamber is desgpeifically such that, along with
the ion source magnet, electrons are containedensie chamber by the cathode and
anode. The magnetic field created causes the ehscto be reflected backwards and
forwards many times so that they are efficienthused. When the gas flow rate and the
applied bias potentials are adjusted to a workargpge, some of the ionized argon can
escape the plasma source and are accelerated kacdbkerator electrode towards the
vacuum chamber in the form of an ion beam. By adliig the accelerator electrode
voltage at an appropriate level, the sample targ#dte vacuum chamber can be milled
(sputtered) by the argon ion beams. Furthermoeeicth beam can be adjusted to a lower
angle so that the etching rate can also be coattollhich also results in a smoother than
when the ion beam is incoming at a high angle g6l(Figure 35(b) and (c))
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Figure 35: (a) Schematics of the Penning ion source, (b) the chaimbe ion milling machine, and

(c) the argon ion milling (sputtering) process [63, 64]

A Gatan dual mill (model 600) was used to perfohe metal top layer etching for the
metal coated 1-layer PU grating structures showthénprevious section. PU gratings
with a periodicity of 2.5m were used for the angled thermal evaporation gatid and
silver. The ion milling was carried out at a vokagf 3kV and a gun current of 1ImA. The
high voltage ensures that the argon ions have énengrgy to bombard the metals on
top of the PU bars for removal. The current wassehoat 1mA so that the ion beam
would have a sufficient beam size (~3-4mm) to cdtersample. The vacuum pressure
was maintained at around 1@ orr during the milling. In addition, a low millinangle
(10°) was used so the ion beam is etching the n@tadurface at a controllable rate and
the ion beam covers a larger area. The ion beeasutdin was aligned parallel to the PU
bar direction so that only the metal on top of Pdshis removed but the metal on the

sidewalls is not. (Figure 36(a)). The milling timaries between 3 to 5 min depending on

the top metal layer thickness. After ion millinpgettop metal layers on the PU bars are
etched off, leaving the PU bars and the metal saflewntact. (Figure 36(b))

(@) (b)

Figure 36: Schematics of structure (a) before and (c) after low angle angarilling
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Figure 37 shows the SEM images from edge and tp uf the one-layer PU grating of
2.5um periodicity coated with 40nm gold after argon ianlling. The sample has a
trapezoidal shape, with a slated angle of about d®® the bar height are L. They
show that the top metal layers on PU bars of theptawere completely removed by the
argon etching. The etching is very homogenous terentire sample area (4mm X
4mm). Because the mechanical integrity of PU l&msot altered during the milling
process, the metal layers on both PU sidewalls iremgact without defect or breakage
from the ion milling. The heights of the gold sidels are estimated to be the same as
that of the PU bars. Therefore, the gold sidewedis be defined as high aspect ratio
nanowires with 40 nm line-widths with 30:1 aspeatia. Since gold was deposited on
both sidewalls, the periodicities of the gold namewpatterns are reduced by half to
around 1.2-1.8m. It was observed that the top of PU bars is #iigloughened, which
indicates some over-etching by the argon ions. Sunglerfections can be avoided if a
lower voltage or a shorter milling time was usedwdver, as shown in the next section,
this slight roughness does not significantly affénet optical and electrical properties of
the samples. As the SEM images show, our metailictsires leave most of the substrate
area available for transmission of light, excep¢ thanoscale cross section that the
thickness of metallic sidewalls occupy. Furtherep@r structure with periods larger than
optical wavelength is useful to improve optical pedies (higher transmission and
reduced diffraction), and the polarization effecies not take place in the visible

wavelength range.
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Figure 37: Scanning electron microscope (SEM) images of argon imd #dnm gold sidewalls on a
2.5um period polymeric grating structure from the edge view in (a) and (b) and tojnview

2. Sample characterization

After the metallic patterned structures were pregarthey were characterized to
examine the feasibility of the structures as transpt electrodes for organic solar cell
devices. For use as transparent electrodes, optasagmission in the visible range and
sheet resistance must match or improve upon thio3eo

I. Optical measurements

Visible light comprises a large portion of theafomagnetic radiation from the sun that
reaches earth surface. Therefore, it is of profoumportance that the visible light be
efficiently harvested for solar cell applicatiortherefore, one of the most important

parameters for transparent electrodes is the dptesasmission in the visible range.

a. PU transmission in visible wavelengths

Because the PU remains in the final structurds ihecessary to study the optical
properties of the PU materials used to make thiéngrpatterns. The transmission of PU
films on glass in visible wavelength range (FigB8) shows similar spectra as the glass
substrate (~92%), which indicates that PU is highdnsparent for visible light. It should
be noted that the PU prepolymer is UV-curable. &foge, it can be highly absorptive for
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UV light. This is clearly shown in a transmissidp dround 365nm wavelength when the
transmission is measured for a thick PU film. Néweless, if the PU material used is thin
(~10-20um), no such absorption dip is evident ansl suitable for use as the matrix for
transparent electrode structures.
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Figure 38: Optical transmission of PU in visiblewgkength range

b. Visible transmission utilizing integrating spheres

Because the one-layer PU structures made by RRpTM technique are microscale
grating patterns, there is diffraction of the visilight, and the transmission at normal
incidence is only one portion of the total ligtarismission. (Figure 39)

l
7\

Figure 39: diffraction of the PU grating
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Therefore, it is necessary to collect the all ligkt transmitted through the sample. To
accomplish this, an integrating sphere was usethmoptical measurement. [66] In the
integrating sphere setup (Figure 40(a)), the sanspf@aced on a sample holder at the
opening of the integrating sphere. A visible ligiource (Ocean 2000 spectrometer) is
used to illuminate the sample. The light transrditierough the sample propagates in a
diffuse manner. The inside wall of the integratisghere is coated with a highly
reflective paint, and all the diffuse light is eteally reflected to the detector, where the

total diffuse light is collected and the total dgk transmission is measured. The samples
were measured with air as the reference.
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Figure 40:(a) The schematic of an integrating sphere [66] @r)dcomparison of diffused and specular

transmission of a 1-layer 2ub period PU grating on glass substrate as wehagransmission of a glass
substrate

Figure 40(b) shows the diffuse and specular trassion of a 1-layer 2Bn period PU
grating on glass substrate. The specular transmnidsas a peak with the maximum at
around 650 nm wavelength of about 62%. Howeveht ligtensities below and above
this peak wavelength decrease. When an integrapigere is used, the measured
transmission is significantly increased for all thavelengths in the visible range. The
diffuse transmission spectrum is generally flathwibd peaks. The structural effects of the
sample on the optical measurement are eliminated.alverage intensity is about 85%.
For comparison, the transmission of a glass subsivas also measured and was about
92%, which is consistent with the theoretical valliee transmission of the PU grating
structure is about 7% lower than that of both gfagdsstrate and PU film on glass sample.
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This is due to additional reflective diffractiorofn the grating structure, as we observed
similar diffraction pattern in reflection but at otulower intensity. Nevertheless, the

transmission of PU grating structure is sufficigritigh for use as transparent electrode.

c. Transmission of grating structure after metal deposition

After the PU grating structure was fabricated, qiodi angle evaporation was done to
deposit metals on the PU surface and the trangnisdi the metal-deposited structures
was also measured with the integrating sphere sdtigure 41 shows the total
transmission of the PU grating structure with 20smd 40nm gold deposited on the PU
bars. Both spectra show low transmission in thiokisegime due to the metal on the top
of PU bars as well as the sidewalls. The widthhef PU bars is around lua and is
about half of the periodicity of 2un, which means the transmission should be reduced
by half with respect to the transmission of PU ig@astructure without metal.
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Figure 41: Total transmission of one-layer PU giastructure with gold deposition

As seen for the 40nm gold spectra in Figure A&, ttansmission is reduced to about
37% at the peak of 550nm wavelength. The transaorissi PU grating structure is about
85%. Covering the PU bars should reduce the trasssom to half. In addition, the metal
thickness of 40nm on both sidewalls accounts formM38te transmission reduction. So,
with metal deposition the total transmission isotle¢ically reduced to about 40%. The



49

actual transmission value of 37% is close to theotbtical value of 40%. The lower
transmission could be caused by slight over-covemdgold on the glass substrate at the
bottom of the PU bars, as seen in the SEM imadiegure 37(a). The lower transmission
at wavelength below 500nm is due to absorptionaddl g@nd lower transmission above
600nm wavelength is possibly caused by higher gifle diffraction of the structure at
longer wavelength. The 20nm gold deposited samguehigher transmission than that of
40nm gold with the peak value at 550nm wavelengthenthan 50%. The reason for such
high transmission is that 20nm thickness is closthé skin depth of the gold, which can
allow some light transmission through the metaltioga Also, at 20nm thickness, the
metal film may not continuous and could have cramkshe metal surface, which could
also lead to increased transmission. However, ftilseodtinuity in metal films has
negative impact on the electrical conductivity, @hwill be discussed later.

d. Transmission of argon ion milled structures

We then performed optical transmission measurementshese structures after the
argon ion milling step for structures with two metalewalls, gold and silver, at 40nm
thickness. For comparison, the transmission ofaadsird commercially available ITO
coated glass was also measured. The ITO coatesl lggesspeak transmission of 88% at
around 600 nm wavelength and an average transmis$i82% over the entire optical
wavelength range (400 nm — 800 nm). For the iorenhipatterned structures with
metallic sidewalls, gold and silver showed simileansmission spectra. For gold, the
peak total transmission was 82% at around 650 nintla® average total transmission
was close to 80%. For silver, the peak transmisgias also around 82% at around 650
nm, and the average is about 78%. A slightly lowansmission at wavelength below
550nm is still observed, and it is possibly causgdhe absorption of a small amount of
redeposited metals in the channels of the gratingtsire during the ion milling process.
For two sidewalls of 40nm thick metal over the péitity of 2.5 um, the reduction in
transmission due to the metals is theoreticallyual%. Therefore, with the metallic

sidewalls, the measured transmission is droppedarbyadditional 2-3%. Additional
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reduction in transmission may be caused by sometdpUsurface roughness, which
results in diffuse scattering backwards. Even tlhotige transmission is not as high as
that of ITO coated glass, it is sufficient to dersiate the feasibility of the structure for
transparent electrode applications. Figure 42 islsewvs an ion milled sample with 40nm
gold sidewalls. The logo underneath the sample lwarclearly viewed because the
average transmission is around 80%.
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Figure 42: Total transmissions of ITO glass and-layer 2.5um period PU grating structures on glass with
40nm gold and silver sidewalls after argon ion imgjl

e. Metal thickness effect on the transmission

Further studies were done to characterize thalrttatkness effect on the transmission
of the ion milled structures. The transmission #j@eaf ion milled samples with different

thickness were plotted in Figure 43.
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Figure 43: Total transmission spectra of the iokeahistructures with different metal thickness

The spectra show that as the gold thicknessasesefrom 20nm to 80nm, the overall
transmission decreases. The spectra have similafileprwith small decline at
wavelengths below 550nm due to metal absorptiore average transmission of the
structures is decreased from 80.3% to 71.7% whergdihd thickness is increased from
20nm to 80nm. (Table 4) The reduction of transmisss mostly due to the increased
thickness of metal as well as the trapezoidal [@adf the PU bars to block the light
transmission. The transmission for 40nm gold thedsnis 77.3% with some samples
close to 80%. A similar trend is observed for gihsamples, where the average
transmission is increased from around 78% at 40nckriess to 83% at 20nm thickness.

Table 4: Total transmission of gold and silver rteetath different sidewall thicknesses

20nm 20nm 40nm 40nm 80nm 80nm

(Avg.) (Max.) (Avg.) (Max.) (Avg.) (Max.)
Gold 80.3% 82.8% 77.3% 82.0% 71.7% 76.1%
Silver 83.1% 85.5% 77.9% 83.0% N/A N/A

f. Polarization effectsin thevisiblerange

We also studied the polarization effect of our &nees in visible wavelength range. In

this experiment, a polarizer was used to polaheeiicident light in front of the samples.

The samples are aligned either parallell

(trangvermsagnetic (TM) mode) or
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perpendicular (transverse electric (TE) mode) te #iectric fild of the light. For
comparison, the transmission results with unpatarimht was also plotted. (Figure 44)
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Figure 44: Transmission of the (a) gold and (b)esiktructure with polarized light

For sample with gold sidewalls, the average tisgalsmissions of the TM mode and TE
mode are 81% and 78%, respectively. This shows ablyut 3% of difference for
different polarizations. For the silver sample, Ild and TE mode transmissions are
82% and 70%, respectively. The transmission diffeeeis about 12%. The TE mode has
much lower transmission in silver possible due ighér reflection in the TE mode for
silver. Nevertheless, the polarization effect i severe for either sample since the
periodicity is 2.im, which would show great polarization contrasttie infrared

wavelength regime. Further studies were done inntinared range in a later section.

ii. Electrical measurements

To characterize the electrical conductivitiwvo-wire electrical measurements were
performed to measure the resistance of the argommitled high aspect ratio metallic
structures. The electrical resistance was measuthd-luke 8840A multimeter.

a. 2-wire Resistanceof ITO



53

For comparison, the resistance of a 100nm ITO doglass was also measured. First,
the theoretical resistance value was estimatedyubkmm sheet resistancBs)( of the ITO

coated glass. The sheet resistance of a thin $ildefined as:
R= (1)

wherep is the resistivity and is the thickness of the film. The sheet resistavfcthe
ITO coated glass is measured to b@/ADusing a standard four-point probe for the most
commonly used ITO for transparent electrode apftina. For 2-wire resistance, a 4mm
wide ITO coated glass area is confined by two meteitacts and ends with a 3mm
separation. (Figure 45) Therefore, the theoretizdiie of the 2-wire resistance can be

calculated by:
pL L
R=-—=R— 2
PEYYRRRAYYY (2)

whereL is the separation of the metal contacts hd the width. The 2-wire resistance
therefore was calculated to be (2.5The measured resistance for the ITO coated glass
about T2 with 200nm gold metal contacts deposited at twasesf the ITO coated glass,

which is very close to the estimated value of¥X.5

Metal contact

3mm
/ ITO

>
4mm

Metal contact

Figure 45: Design of the ITO coated glass sampl@faire resistance measurement
b. 2-wireresistance of ion milled samples

The same process was carried to deposit 200nmngeldl contacts at both ends of the
ion milled samples. (Figure 46) The separationhefetal contacts is 3mm. The width
of the sample is 4mm. Therefore, we can comparartbasured resistance of the ion
milled samples with the measured resistance ofdd&led glass. Conductive silver paste

can also be used as contacts for such purpose.
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Figure 46: SEM and still images show the depositioh metal contacts on the sample for the 2-wire
resistance measurement.

The measured 2-wire resistance of the ion mijeld and silver samples with different
thickness is listed in Table 5. For 20nm thicknéls, gold and silver samples have an
average resistance of 38%2nd 21.8, respectively. Both are higher than that of 2100nm
ITO coated glass. However, as the thickness wabldduo 40nm for both metals, the
resistance was drastically reduced to(¥ &nd 2.4, respectively, for gold and silver.
The 40nm gold sample is virtually the same as #@ toated glass, and the silver
structure is three times less than that of ITO edajlass. Therefore, when considering
the electrical conductivity, the 40nm samples analar or better than the ITO coated
glass. Moreover, at such thickness, the opticaistrassion in visible is still sufficiently
high in the range of 78-80%. As the thickness iaseel to 80nm for the gold structure,
the resistance is reduced further tod.4However, the optical transmission for the ion
milled sample is too low (~71%) to be used as parent electrodes. Therefore, we
chose the optimal metal thickness of 40nm with bleih optical transmission and

electrical conductivity for further experiments astthracterization.

Table 5: Average resistanc®)(of the gold and silver samples with differentiriess

20nm (Avg.) | 40nm (Avg.) | 80nm (Avg.)

Gold 38.5 7.3 4.4

Silver 21.8 2.4 N/A
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It should be noted that as the metal thicknessigseased from 20nm to 40nm, the
thickness is doubled, but the resistance is lowénednore than 5 times for the gold
samples and almost 10 times for the silver samflets. is because metal films of very
small thickness are likely to be discontinuousgyife 34) As the film thickness is grown
beyond 20nm, continuous and uniform metal film feramd the electrical conductivity of
the film scales with thickness. This is seen whaa dgold thickness is increased from

40nm to 80nm, the resistance is reduced fror2 Ta3around half at 4.
c. Sheet resistance calculation

Catrysse and Fan [67] established a method foruledliog the sheet resistance of
nanopatterned metallic structur&pecifically for a 1D metallic grating structurdaet
sheet resistance can be calculated by:

)

wherep is the bulk resistivity of metah is the heighta is the periodicity, andgv is the
width. Figure 47 shows the theoretical sheet rasc of a 1D metallic pattern with fixed
periodicity of 400nm and width of 80nm, while vargithe height of the structure. At
height smaller than 20nm, the non-linear increashe sheet resistance is also observed
due to the discontinuity and coalescence in theimat thickness greater than 20nm, the
sheet resistance shows a linear decrease as {ji# imgireases.

(ﬂ)l : | % J

0 20 40 €0 80 100
h (nm)

Figure 47: Electrical sheet resistance of a 1D lietgrating structure with a = 400nm, w = 80nmgdan
varying height [67]
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Based on their method, we can estimate the ttiealrsheet resistance of our ion milled
structures. The ion milled structures have thegakeity at 2..um, height around 12n,
and the width of the metals at 80nm (two sidewaithh 40nm). The bulk resistivities of
gold and silver are 2.20 x $@-m and 1.59 x I8Q-m, respectively.[68] The calculated
values of sheet resistance from the equation &2®o and 0.41Q/a for our gold and
silver structure, respectively, based on EquatioB@&h are at around 20 times better
than that of ITO and such high aspect ratio metalifucture is very promising for very
low resistivity transparent electrode applicatiahswe could achieve similar sheet

resistance values.

To find the actual sheet resistance value ofstuctures, a variation of Equation 2 was
used. The sheet resistarikecan be calculated % = R*(W/L), whereR is the measured
2-wire resistanceW is the sample width and is the separation between the contacts.
With those values measured and known, from thetegueve find the sheet resistance of
the ion milled samples with 40nm gold and silvex &r7Q/o and 3.2Q/o, respectively.
Both values are less than the ITO sheet resistyypeeally used for organic LEDs and
solar cells. However, they are still about 10-20e higher than the theoretical values.
Possible reason for the higher sheet resistanbeskage in some PU bars during the
grating structure fabrication. In such a case,tetal deposited on these PU bars will
also be broken and does not contribute to theretattconduction. This will severely
reduce the conductivity of the sample. The othessfibe reason is over-etching of the
metal on the top by ion milling, and the heightled metal is less than the original height
of PU (1.2um), which would also increase the sheet resistancaddition, the argon ion
milling may also attack the metal sidewalls slighahd reduce the width of the metals,
which could also result in increased sheet resistahherefore, it is crucial to prepare the
PU grating structures with the best yield. Furthemen better etching methods should be
investigated. It is also beneficial to fill the cimels to protect the sidewalls during the
etching process.
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3. Organic photovoltaic device based on the transpbesgctrodes
I. Structureinversion fabrication process
To fabricate devices such as organic or inorgaml@r <ells or LEDs on our transparent
electrode platform, it is necessary to fill the ogeenches with a transparent material to

provide a flat area for the active layer depositde achieved this as shown in Figure 48.

PU grating with metal sidewalls
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Figure 48: (a) Schematics for sample inversion@ganic active layer depositions and (b) the comspar
of transmission of the ion milled sample before afidr inversion.

We first made the PU grating on a water-solubleifscial layer coated glass substrate.
After metal deposition and argon ion milling, a $ndaop of PU prepolymer was placed
on the sample to fill in the trenches of the gmtstructure. The PU prepolymer also
served to glue a second glass substrate onto tmplesaAfter the PU filing was
ultraviolet cured and solidified, the sample wabrsarged in distilled water to dissolve
the sacrificial layer, and the original glass stdistwas detached. Upon the separation of
the original glass substrate, the bottom part efdtnucture was exposed and the sample
was inverted. The inverted structure has an avdargkdiffused transmission about 84%,
which is about 4% higher than the ion milled stmuetbefore inversion. This is because
the filling of PU in the air gaps reduces backssaty of the light from the grating
structure; in addition, a smoother PU bottom s@fecexposed. The resistance of the
inverted structure is about 0. The fact that the inverted sample has highestaste

than before inversion is probably due to oversdliof PU at the two ends of the sample,
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which would block the connections of metal contaotsome of the metallic sidewalls

during two-wire electrical measurements.

Ii. Organic photovoltaic device fabrication with inverted structure

As a proof-of-concept for applicability of our tigparent electrodes, we fabricated a
bulk-heterojunction polythiophene:fullerene basetarscell on our inverted structures.
The fabrication is a solution-based spin coatingcess. A conducting film of poly(3,4-
ethylenedioxythiophene) doped with poly(styrenemdte) (PEDOT:PSS, Clevios P VP
Al 4083) was first spin coated at 3000 rpm for @@ands on the inverted structure
followed by annealing at 60°C for 5 minutes. TheDPH:PSS layer is used to improve
the hole collection between the electrode and tgkt labsorbing layer. The light
absorbing active layer, poly(3-hexylthiophene) af&j6]-phenyl C61-butyric acid
methylester (P3HT:PCBM) blend solution (17 mg/ml dichlorobenzene), was spin
coated at 600 rpm for 30 seconds on the PEDOT:R&%eda structure. The P3HT
absorbs photons and creates excitons, which aselptound electron-hole pairs and
may recombine if they are not separated quicklye Hxcitons then diffuse to the
P3HT/PCBM interface and dissociates. At the intefathe electron travels through
PCBM to the cathode, and the hole travels througfHTPto the anode. An Al (200 nm)
electrode (area= 3.14 mnwas deposited by thermal evaporation on top. I-V
measurements were done using an ELH Quartzline {ammpintensity calibrated using a
standard Si photodiode.
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ii. 1-V characterisitics and discussions

Gold sidewalls
covered in PU

Current density (mA/cm?)

00 02 0.
Voltage (V)

Figure 49: Current density versus voltage charaties of organic solar cells with the gold struetas the
transparent electrode

The optical to electrical power conversion effiggrf;) of the device can be calculated
with the following equation:
_FFel oV
P

S

n (4)

WhereFF is the fill factor,ls is the short circuit current/,c is the open circuit voltage,
andPs is the illumination intensity (typically at 100m#?). From Figure 49, we found
the short circuit current of our sample to be at®&mA/cnf, the open circuit voltage
about 0.42V, and the fill factor about 34%. Therefdhe power conversion efficiency of
the device is about 0.36%.

The device successfully showed photovoltaic charestics. However, the performance
was still inferior to typical ITO electrode-baseala cells (usually short-circuit current ~
8-10 mA/cnf). Since the conductivity and transmittance of mansparent electrode was
in fact comparable to ITO, we believe that the arfance of our solar cell is not similar
to ITO based devices because in some regions fheexposed regions of the gold
sidewalls was partially covered by PU due to impetrfmaterial processing prior to
PEDOT:PSS deposition. SEM in Figure 48 inset sh@ese evidence of such
imperfections. Some contribution to poorer perfanogcan also be ascribed to resistive
losses due to horizontal transport of holes throBgIDOT:PSS layer, before they are
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collected by metal nanoribbons. However, this issae be easily resolved by using
highly conducting formulations of PEDOT:PSS suchP&500. It has been shown that
PH500 is able to efficiently transport holes ovestahces greater than 100 microns. [69]
The image shows that some metallic ribbons are dddzkinside the polymer, and they
are not exposed at the top. As a result, they nody@ not in contact with PEDOT:PSS
for charge transfer. However, this issue can belved by slight etching of the
unnecessary polymer covering the metal electrodgesedn addition, the field
enhancement at the interfacial contact betweenetdyers and the electrodes may be a
more vital issue than the optical improvement c¢ #lectrodes for achieving better

performance efficiency of the device.

iv. Uneven surface during sampleinversion

Another possible reason the solar cell device Jath efficiency is the poor contact
between the organic layers with the gold electrogi®bedded in the PU matrix. The
sacrificial layer used on the first substrate igamic based glue material and it can be
easily etched by the argon ion milling too. (Fg&0) This will create additional air
space in the channels and on the substrate. Wheis B&kd to fill the channels in the
grating structure, this additional space will bikefl with additional PU and after the
detachment of the first substrate, an uneven sunféat be revealed. The unenvenness
will depend on the original thickness of the saciaf layer, and it is in the range of
300nm. Therefore, in order to improve the contamiveen the metal and the active
layers, a thinner sacrificial layer should be us&dother way is to use slight oxygen

etching to remove some of the PU on the surfaexpose the metal completely.
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Figure 50: The inversion process with unevenasigf

4. IR reflection for heat mirror applications

I. Introduction

In addition to the visible light diffuse transmissimeasurements, the optical properties
of the ion milled metal structures in the near amd infrared wavelength region were
also examined. The purpose of this is to study drethe metal structures which have
high visible light transparency can also act asnéiared radiation filter, in which IR is
blocked by the metal structures and reflected bac#ts: At present, commercially
available IR filters are hot mirrors, which are qused of multilayer dielectric thin films
of thickness on the nanometer scales. (Figure Zi{d)(b)) [70] Even though they have
high visible light transmission and can block thadiation in the near IR range, they are

still costly and too mechanically rigid for manytenotial applications.
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Figure 51: (a) The hot mirror IR filter and (b) its transmission in the visiistenear IR range [70]

Ii. Photon recycling using high aspect ratio metallic photonic crystals

K.M. Ho et al.[71] proposed a metallic structure design which sarve as an IR filter
with high visible light transmission as a replacemér the hot mirrors for many
potential IR applications. In this design, a frégasling 2D metallic grid made of silver is
used. (Figure 52(a)) The periodicity of the gridoB0 nm. The line-width of the silver
wire is 100 nm, and the duty cycle is 10% for hwggible light transmission. The height
of the nanowire is 500 nm, which ensures completeeflection, and the aspect ratio of
the silver nanowire is 5:1. The calculated optipebperties of the 2D grid structure
shows very high visible transmission (~90%) andasimo transmission in the IR range.
The reflection in the visible range is very lowt lausteep cutoff starts at about 800 nm
and the reflection reaches about 90% at arownmh Wavelength. The IR reflection
remains higher than 90% at longer wavelengths enlfhrange, forming a plateau. This
shows the designed structure can be used as higiittye transparent IR filters.
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Figure 52: (a) the 2D photonic crystal structure design and (b) thetivebvalues of the optical
properties of the structure [71]

lii. Theoretical calculations based on 1D grating structures

We performed theoretical calculations based on dbr high aspect ratio metal
structures using a transfer-matrix method (TMM) detion package. [72] The infrared
reflections were plotted and characterized. Thecsire is designed so that it has similar
dimensions as the ion milled samples. The peritdisi set at 2.om, and the width is
1.2um. As illustrated in Figure 53, when the polariaatiangle is set at 90 degree, the
electric field of the incident light is perpendiaulto the grating direction, and the light is
transmitted through the structure. When the pdddion angle is set at zero degree in the
program, the electric field of the incident ligktparallel to the grating direction, and the
light is absorbed and reflected from the metal lo gidewalls of the grating structure,

which results in high reflection.
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Figure 53: The design of the 1D grating structure the two polarizations of the incident light

In Figure 54 (a), the height of the structureia@from 0.2um to 1.4um to study the
effect of the structure height on the IR reflectararacteristics of the structure. The gold
thickness on the PU sidewalls is set at constanimb@r all heights. The specular
reflection for both polarizations of different hktg was then calculated. The spectra
show that for 90 degree polarization, the incidagftt is mostly transmitted through the
structure and the reflection is at a minimum beld®b. For the zero degree polarization,
the reflection starts to increase at the cutoff elewgth around 2000nm, which is
correspondent to the periodicity of the metalliatgrg structure. The reflection for Qua
height slowly increases to around 60% from the fEmtavelength to longer wavelength.
As the height increases, the reflection intensigegds increasing. For heights above
0.8um, a plateau forms at an intensity approaching @%tve 4000nm wavelength.
Therefore, we can anticipate that for the real cétme with 1.2m height, the IR
reflection for zero degrees will be high as well Higure 54(b), we chose the dimensions
of the PU grating structure with the height fixedl&2um and varied the metal thickness
from 25nm to 75nm. The spectra show that even atm2fhickness the reflection
intensity is still high and close to around 90%tfoe zero degree polarization. The cutoff
frequency remains around 2000nm wavelength, winte glateau is form at around

4000nm wavelength.
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Figure 54: (a) PU one-layer on glass pitch gn5width = 1.2um, Gold sidewalls 50nm thickness, with
varying heights and (b) PU one-layer on glass pit2itum, width = 1.2am, height = 1.2m, with varying
thickness of gold sidewalls

We also carried out the calculations fail periodicity.. The width is also reduced to
400nm. The reflection characteristics are simiathiat of the 2.pm periodicity one but
the cutoff frequency is around 900nm wavelengthjctvhis at the edge of the near
infrared regime and it is of great interest forth&ror applications. In Figure 55 (a), the
periodicity and width is fixed atidm and 400nm, respectively, while the height isedri
from 200nm to 800nm. The gold thickness is alsal lseinstant at 65nm. The spectra
show that for 90 degree polarized light, the reftecintensity in infrared regime is very
low and close to almost zero. The large reflecpaak for 800nm at around 1500nm
wavelength is possible due to enhanced plasmoffectedf the metal structure. Such
effect is also shown in 600nm height at smallerkpesiensity. For the zero degree
polarization, the reflection intensity starts terease at around 900nm wavelength. The
reflection is already very high, approaching 90%Z00nm height. At 400nm height and
beyond, the flat plateau is clearly shown at aro&880nm wavelength. This indicates

high reflection for such dimensions in the neardRge.
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Figure 55: (a) PU one-layer on glass pitclum] width = 400nm, Gold sidewalls 65nm thicknesghwi
varying heights and (b) PU one-layer on glass pithim, width = 400nm, height = 400nm, with Gold
sidewalls varying thickness of gold sidewalls

In Figure 55 (b), the height of the structurdixed at 400nm, and the gold thickness is
varied from 13nm to 65nm. For the 90 degree pation, the reflection is low for all the
thickness from 13nm to 65nm. For the other poléiopa the cutoff wavelength also
starts at around 900nm wavelength, and even at 1@olch thickness the specular
reflection is above 80% at the plateau area. Thte@h moves closer to around 1500nm
wavelength when the gold thickness is increasan 26nm to 65nm. This shows at very
small thickness the IR reflection is already highthe zero polarization.

iv. Experimental results of theion milled structures

An FTIR spectrometer (Nicolet 760) was used to meashe specular infrared
reflection of the ion milled samples. In Figure (8 and (b), the specular reflection from
450 nm to 5000 nm wavelength is plotted for bo#otietical and measured 1D grating
structures with 40nm silver sidewalls. The PU griiimensions are also the same with
the periodicity of 2.pm, height of 1.g2m, and width of 1.2m. For this measurement, IR
polarizers were used to separate the light sountcetiansverse electric (TE) mode and
transverse magnetic (TM) mode. In TE mode, thetmtetield is perpendicular to the
grating structure (90 degree polarization), aniiMmode, the electric field is parallel to
the grating structure (zero degree polarizatiomd aeflections of both modes were

measured.



67

10 [ & & ] 1% T % T & I 1 100 T T T T T T T
—a— Polarization 00deg iy Polarization 00deg
—m— Polarization 90deg -/l—""/ = Polarization 90deg
08 | : - &
g 2
s &
§ 05 1 = T
B d ko
=
8 o
3 04 o] g
bl [ ] 1 -
8 / 3
@
Q.
7 ) _
/ ’ A
004 : -=/T. mpa T.-—I"""_"'I" Y T e 0 T T T T T T T
1000 1500 2000 2500 3000 3500 4000 4500 5000 10 15 20 25 30 35 40 45 50
Wavelength (nm) Wavelength (pm)
(@) (b)

Figure 56: (a) Calculated and (b) measured speaafection of a one-layer PU grating structure
(periodicity = 2.5 um, width = 1.2 um, height = 1.éh) on glass substrate with 40nm silver sidewalls

For both calculated and measured spectra, thigeshow very similar IR reflection for
both modes. For TE mode, the reflection is closeeto. This is because the electric field
of the incident light is aligned perpendicular e tmetal coated PU grating and the light
sees minimal amount of metal in this direction. rEfiere, most IR light is transmitted,
resulting in a very low reflection. In the contratlye TM mode has electric field aligned
parallel to the direction of the metal grating. Tiedlection in the near IR range is also
very low. A cutoff starts at around 2000nm waveterfgr the calculated spectrum, and a
plateau is formed at 3000nm wavelength and thectdn intensity can reach above
90%. Similarly, a cutoff at about 2200 nm wavelénigtformed for the measured spectra,
and the reflection is increased substantially toranthan 80% at about 3000nm
wavelength. A plateau is formed with average réfbecintensity near 90%. The high
reflection in this range results from the electiield of the TM mode light source
interacts with the metal along the grating directiand most of the light is absorbed and
reflected back. Therefore, the experimental resudtwvs our structure is highly reflective
for infrared light in one polarization and can e=d as an IR polarizer, and the average
of both polarizations will have about 45% refleatioThis indicates our structure is
feasible for IR reflection in hot mirror applicatis.
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v. Quasi-2D structurewith high mid-IR reflection

To realize high IR reflection in both polarizatiotise first intuition would be to make a
second layer of PU grating structure on the oneflagn milled structure and aligned
perpendicularly to the first layer, and repeatdhgle deposition and argon ion milling to
form metallic sidewalls on the second layer. Howeg®as shown in Appendix A, the ion
milling process will be perpendicular to the fitayer PU and remove the PU and metal
sidewalls, which are exposed to the ion beam dutiegmilling, altogether. Therefore,
the first layer would not be a continuous gratitrg&ure and would not be effective.

As an alternative solution and to test the fehbisitof our structures as IR reflector for
both polarizations, we fabricated the 1D gratimgctres on two sides of a substrate to
form a quasi-2D structure. Because glass substnaies some absorption in the mid-IR
range, we chose a 40@ sapphire as the substrate. In this scheme, twedayer PU
grating structures were fabricated on both sideghef substrate, with them aligned
orthogonally to each other at around 90°. The dsioers of the PU grating structure is
the same as for prior samples. The periodicity.&u, the width is 1.2m, and the
height is 1.2Am. Silver was deposited using the angle evapordagohnique to coat the
sidewalls as well as the top of the PU bars, amdniietal on the PU top surface is
removed by the argon ion milling. The schemati¢ha quasi-2D structure is shown in
Figure 56 (a). When a white light source was pa#iseaigh the structure, the transmitted
light forms a 2D diffraction pattern. (Figure 57)XlIhe measured total transmission is
still around 60% for the visible light.

(@) (b)

Figure 57: (a) Schematic of the quasi-2D structmd (b) the 2D diffration pattern form with a
visible light source transmitted through the stouet
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The infrared optical properties of the structwvere also measured with an FTIR
spectrometer and IR polarizer. The reflection ird4iit range is shown in Figure 58.
When the polarizer was aligned parallel to thelty@r grating structure (Alignment 2),
the reflection has a cutoff at around 2200nm wagtle and the intensity increased
quickly to above 80% at 3000nm. A plateau appeans f3500nm to 4000nm and the
intensity saturates above 90%. When the polarizs aligned orthogonally to the top
layer grating (Alignment 1), the cutoff wavelengtiso started at around 2250nm, and the
reflection intensity gradually increased to abov@80% at around 4000nm. Small
absorption dips appear around 3400nm and 4200nnelerayths, which are due to the
absorption by the PU polymer in those wavelengilie average reflection intensity of
both polarizations is about 80%. This shows ouscstire is suitable to be used as hot
mirrors in IR reflecting applications.
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Figure 58: Specular reflection of the structuréagtt polarizations and the average

vi. Design of 2D LBL structure

It is imperative to achieve the actual 2D struet{sather than the quasi 2D structure) for
high IR reflection in both polarizations. Such sture should be fabricated with a

different experimental approach using a top-dowscess such as reactive ion etching
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(RIE) to remove the metal on the PU top surfac@éaut removing the PU. The design of
such structure is shown in Figure 59 (a) in topwviand (b) in perspective view.
Therefore, the structure would have high reflectionthe infrared range in both
polarizations.

(@)

(b)

Figure 59: schematics of the real 2L structure f(ajtop view and (b) perspective view

The theoretical value of the specular IR reflmttwas calculated and plotted in Figure
60. The spectra show the cutoff also starts at @aRO@O0Onm wavelength for both
polarizations. There are also some dips in theedregween 2000-4000nm wavelengths.
Nevertheless, at wavelengths above 4000nm, thectiefh intensity of both polarizations
quickly rises to above 90% and then plateaus. Towrethe structure is a very good
spectral reflector in the mid-IR range. Howevelisinecessary to reduce the periodicity
to lum in order to use such structure for near-IR rétec
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Figure 60: Specular reflection of the 2L structwith 2.5um periodicity, 1.2m width, 1.2um height, and
with 50nm Au on both sidewalls
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5. Lower aspect ratio structure
I. PU grating structure

We also fabricated structures with the same paritydbut at a smaller height and
studied optical and electrical properties. A phestst master with 2i8n periodicity,
1.2um width, and 300nm height was first fabricated osileon wafer. PDMS molds
were made using the master, and | @®4 was used to make one-layer PU grating
structures on a glass or sapphire substrates. EMeifages of the PU grating structure
show the periodicity is around 2400nm and the heglaround 300nm. (Figure 61 (a))
The total area is as before at 4x4mirhe yield is also very high at above 99%.
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Figure 61: SEM images of PU one-layer grating ithum periodicity, 1.2m width and 300nm height at

(a) x15000 resolution and (b) x5000 resolution, &rjdthe total and specular transmission of theigga
structure on glass substrate
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The specular and total transmission for thesecttres were measured. (Figure 61 (c))
The measured specular transmission in visible rahges a dip at around 550nm almost
approaching 0%. At shorter or longer wavelengths, $pecular transmission reaches
around 40%, which is not high enough for the transpt electrode applications.
However, the total transmission measured with tibegrating sphere is much higher in
the entire wavelength range. The transmission sitiems almost flat and is above 90%
from 400nm to 1000nm wavelength, which is only 2%vér than the glass substrate but
about 5% more than the similar grating structurthvii2um height. Therefore, we can
anticipate the structure would also have highersimassion with metal deposited on the
PU sidewalls.

Ii. Lower angle deposition for metal evaporation process

Since the height of the structure is decreased ftdiom to 300nm while the width is
the same at 1,2n, the aspect ratio of the PU bars is also chafrged 1:1 to 1:4. If the
angle of the metal evaporation was still kept &, 4e channels between adjacent PU
bars would be coated with metals. This would gyeegduce the optical transmission
since the additional metal coating in the channeldd block additional light transmitted
through the structure. It was found that, whendbaposition angle was 14° with respect
to the sample surface, the metal was deposited anlhe sidewalls and top of the PU
bars. (Figure 62) Therefore, we used the 14° deposingle for the samples with 300nm
height. The samples were also ion milled after itietal deposition and optical and

electrical measurements were done for characteneat

Figure 62: Schematic for the lower angle metal déjom at 14°
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lii. Optical transmission and electrical resistance results

The optical transmission of the structure was aleasured using the integrating sphere
for the total transmission. The measurements wene dor gold and silver samples with
two different thickness, 30nm and 60nm, before aftelr the argon ion milling step. In
Figure 63(a), the spectra show that, the transandsir gold samples with 30nm sidewall
thickness can reach over 60% before ion millingisTis because at lower angle
evaporation, the metal deposited on the PU tomaserf~15nm) is much thinner than the
metal deposited on the sidewalls and is also belwavskin depth for visible light.
Therefore, some light can transmit through the heetahe PU top surface along with the
light transmitted through the channels without rhetzating. After the sample is ion
milled, the average total transmission increasasdce than 86%. Such transmission is
almost as high as an ITO coated glass. Therefarestoucture can also have equivalent
optical performance as the standard transpareatret® when the structure dimensions
are optimized. Similarly, for the 60nm thick goldnsples, the total transmission before
ion milling is also around 60%, and after ion midli the transmission in increased to
around 82%, which is also relatively high.
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Figure 63: (a) Total transmission of the 300nm heigtructures with 30nm and 60nm gold sidewall
thickness before and after argon ion milling (b)}aldransmission of the 300nm height structuresh wit
30nm and 60nm silver sidewall thickness beforeaftet argon ion milling



74

For the silver samples, the total transmission figeiflmn milling for both thicknesses was
around 40%, possibly due to higher reflection ofvesi After ion milling, the
transmission was increased to around 78% for timm6Ag sidewalls and 83% for the
30nm Ag sidewalls. Both are also high and suitéblee used as transparent electrodes if

their conductivities are also good.

We used the same scheme as for the high aspiecsaanples to measure the electrical
resistance of the 300nm samples. Nevertheless,30@hm height, these samples should
not be regarded as low aspect ratio structure® shre metal sidewalls are still tall with
respect to their thickness. The aspect ratio is &igh at 10:1 for the 30nm metal
sidewalls and 5:1 for the 60nm metal sidewallss knticipated that with lower volume
of metal material coated on the sidewall due toltiveer height, the resistance of the
300nm height structures would be higher. With metaitacts or silver paste deposited
on the two ends of the sample with around 3mm s¢ipar, the resistance was measured

and the results are listed in Table 6.

Table 6: Average resistanc®)(of gold and silver samples with different thickse

30nm (Avg.) | 60nm (Avg.)

Gold 190.2 27.8

Silver 42.5 7.1

We noticed a significant change in resistancalfergold samples when the thickness is
reduced from 60nm to 30nm. For 60nm thick gold, tesistance is 27¢(8 but the
resistance is increased to about @9t 30nm, which is more than 6 times of increase
when the thickness only reduced by half. A simiterease also was observed in silver
samples, where the resistance was increased friint@.42.%2, also a 6 times increase
when the thickness is reduced from 60nm to 30ninis possible that at 30nm thickness
at smaller height, the metal film is not as homagers or continuous and the resistance
could increases exponentially in such a thicknesge. Other metal thickness should be
studied to understand this issue fully. Nevertteles 60nm thickness, the resistance is
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sufficiently low and the optical transmission igienough to test its performance as
transparent electrodes.

iv. Solar cell devicefabrication

We fabricated an organic solar cell device using 300nm height sample after ion
milling to test its performance as a transpareettebde. PEDOT:PSS and P3HT:PCBM
blends were spin coated onto the structure and ialum contact electrode was
evaporated on the top, following the same paramdter making the solar cell device
with the inverted structure. The SEM images in Feg64 show the device at different
magnifications for a 300nm height structure witm@0silver sidewalls after the argon
ion milling.

Current density (mA/cm?)

. (©) | | \

0.0 0.2 0.4 0.6
Voltage (V)
Figure 64: SEM images of the solar cell device ifstted on a 300nm height structure after ion ngllin

with 60nm silver sidewalls at (a) x5000 magnificatiand (b) x20000 magnification, and the |-V
characteristics of the device
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The SEM images show the organic layers were cordlbyncoated on the grating
structure and the corrugated surface is still olezbafter aluminum contact deposition.
The grating structure underneath shows the metalsills are in contact with the active
layers. The device has a short circuit current ilerd 2.92mA/cnf, an open circuit
voltage of 0.4553V, and the fill factor is estinthi@ about 35%. The power conversion
efficiency is calculated to be about 0.47% usingidpn 4. Textured surface could be
used to improve the efficiency of ITO-based orgasatar cells with similar grating
dimensions. [73] However, this structure still Hawer efficiency than one based on
ITO-coated substrate. Possible reasons are shobtgyeen the aluminum counter
electrode and the silver metal sidewalls at thedtfoihe PU bar corner edge due to very
thin or no organic layer coating at the edge. A PEHEPSS layer was used to improve
the hole collection and conduction from the acteager to the metal grating electrode
underneath. It is also possible that the PEDOT: 8% coating on the grating structure
could raise issues for the performance. To illustréhis, we spin coated only
PEDOT:PSS layer on a 300nm height PU grating satopt@éeck the coating uniformity
on the corrugated surface.

(a) (b)
Figure 65: Spin coating of PEDOT:PSS on a 300nmghtdPU grating sample at different areas with (a)
minimal coating on the PU top surface and in thenciels, (b) and continuous conformal coating

In Figure 65 (a), we observed the PEDOT:PSS wmscanformally coated on the
grating structure. Some disconnected PEDOT:PSSdayan be seen in the channels of
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the grating, while some PEDOT:PSS may have depmbseitethe PU top surface. On the
other hand, we observed a continuous conformalrgpat PEDOT:PSS in some areas of
the sample. (Figure 65 (b)) We believe these goeadde the best conduction between
the PEDOT:PSS and the metal grating structure hedm no sharp edges of the metal
would be exposed through the active layers to shiht aluminum counter electrodes.
Therefore, it is crucial to optimize the spin cogtprocess to create a better PEDOT:PSS
layer on top of the grating surface in order to riove the efficiency of our structure as
transparent electrodes.
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CHAPTER 4. SCALE-UP PROCESS FOR LARGE AREA
SAMPLES

1. Introduction

To realize these transparent electrode structimepossible commercialization, it is
necessary to increase the sample area to an iradlystpplicable size. We used a
standard photolithography process to fabricate B¥21D grating photoresist (PR)
patterns as masters to make PDMS molds, and Plngstuctures were made by direct
printing of PDMS on PU prepolymer. The angle megbosition was again used to coat
the PU grating structure on the sidewalls as welih@ top. Because the available argon
ion milling machine cannot accommodate large ammaptes for etching, an argon
plasma etcher was first used to etch the metahentap PU surface. The optical and
electrical properties of the structures were charaed. To reduce the diffraction effects
for display and light applications, we applied gmtdation to the etched structures and
we studied the optical properties of the encapedlatructure. Finally, the top metal was
removed by argon ion milling carried out at the \msity of Minnesota. This shows that
much better etching is achievable and should besiiyated further for large area sample

fabrication in the future.

2. Large area photoresist pattern by photolithodrap

o e L L

Si/quartz sub

Figure 66: Schematics for photoresist pattern taion
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One dimensional PR grating patterns were madestapdard photolithography.
Photoresist solutions are dispensed and spin-caatéml a substrate, typically 3 inch
silicon wafers. Different photoresist, AZ5214 orRHil075, was used to vary the
thickness creating PR patterns with two differegights, 1400nm and 300nm. A chrome
mask with a 2x2iharea was used during the contact UV exposurenmve unwanted
areas on the PR film. After the exposed PR wasollied away by the developer, a

grating pattern is formed. (Figure 66)

() (b)

Figure 67: Digital images of (a) 2x2 irfchhotoresist grating pattern on a silicon substeate (b) 2x2
inch? PR on a quartz substrate

Figure 67 (a) shows the photoresist grating pafigoricated on a 3 inch silicon wafer.
The overall quality of the pattern is good with sowisible newtonian rings created
during the UV exposure, where the chrome mask wesspd mechanically against the
photoresist and pressure differentials were induetedifferent areas. The PR grating
pattern can also be made on a transparent substictieas glass or quartz. (Figure 67(b))
The grating pattern shows a rainbow color due &diffraction, and the image shows
high transparency and that the ISU logo undernezdnhoe clearly seen.
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3. PU one-layer grating fabrication by direct primdy

The 1D PR grating pattern was used to make the PDdlISwing the same soft
lithography process. Then the PDMS mold was usedgbcate the grating pattern onto
the PU. The PU prepolymer was first dispensed dramsparent substrate, then the
PDMS mold was brought into contact and mechanicatBssed onto the prepolymer.
The PU was solidified by UV curing. The PDMS moldsathen peeled off from the PU
and the 1D grating pattern was transferred to tbe (Figure 68) During the printing
process, excess PU could not be squeezed compéetiidg bottom, an underlayer PU is
formed. This process is not suitable for struciokersion. Nevertheless, in many cases
that don’t require inversion, this approach is danand cost-effective for some

applications.

PDMS

—> —>

Figure 68: Schematics for PU one-layer gratingguattabrication
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(b)

Figure 69: Digital images of (a) 2x2 irfcPU one-layer grating pattern on glass substrate () on
flexible PET substrate to show the flexibility dietsample

Figure 69 shows the PU one-layer grating structuredifferent substrates. The PU
grating on the glass substrate also shows raintmber &rom the reflection, and the logo
underneath can be clearly seen without distorfitve measured total transmission is also
high and the same as the smaller area samples)ch&5:86% over the entire visible
wavelengths. The PU grating structure can alsadatad on a flexible substrate such as
PET films. (Figure 69 (b)) This shows our structuean be utilized for more novel

device applications. Further studies on this shoelgursued.

4. Metal depositions (angle and conformal deposg)o

After the PU grating structure is made, metaladgipns are carried out to form metallic
coatings on the PU surface. Both sputtering andeagepporation can be applied for the
metallization step. Then argon plasma etching rfopmed to remove the metal on PU
top surface or in the channels of the grating stinec The etching process is highly
anisotropic, so only the metal on top and in thenciels is etched but the metal sidewalls

is intact. (Figure 70)
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Metal deposition by sputtering

PU grating with underlayer

PR Su—
|

Encapsulation with Argon plasma etching
additional PU
Metal on PU top
and channel
removed

Figure 70: Schematics for large area metal depositirgon plasma etching, and encapsulation process

For applications such as solid-state lighting anthart windows, the diffraction effect
from the grating structure must be reduced. This lwa done through an encapsulation
process. (Figure 70 (d)) In this case, additionalliguid prepolymer is placed on top of
the etched structure and UV cured, with a secoadsgbubstrate enclosing the entire
structure. The additional PU fills the air channe¢tween the metal sidewalls to reduce
the diffraction effect from the grating pattern.

5. Argon plasma etching

I. Background

Plasma etching, or dry etching, is one of the tmwoglely used techniques in
semiconductor processing. It has a wide range pfiggtions from removing organic
contaminants to patterning silicon wafers. It soalised to etch metallic films and it is a
suitable method to remove unwanted metal layermuimlarge area structures. In plasma
etching, argon or other reactive gas is introdused the vacuum chamber at low
pressure. The radiofrequency (RF) generator is exted to the cathode is used to
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energize the electrons and ionize gas atoms to foptasma. Some of the argon ions
escape from the plasma and physically bombardahepke placed on top of the sample
stage. (Figure 71) The argon plasma etching prasesfected by factors including the
argon pressure level and the RF power. In thisarebewe only used argon gas for the
etching. [74]

Anode
/ {Chamber Wall)

i— Cathode

ITI

Sputtering Gas Inlet Vacuum =
[ Ar) —_ Ground

Figure 71: the argon plasma etchin process [74]

Ii. Argon plasma etching of thin metal films

We first investigated the argon plasma etchingasgd area metal thin films deposited
on glass substrates. It was found that the etolamynot complete or homogeneous, and
much of the metal remained especially in the ceotéhe sample. The possible cause is
that the glass substrate is an insulator and doesamduct between the metal film and
the sample stage (cathode). Therefore, the argaes eoeated in the plasma are only
weakly attracted to the cathode and do not gaificgerit energy to effectively bombard
the metal film especially in the center of the seempherfore, the setup was modified to
improve the etching. A copper mesh was placed profahe metal film sample, and it

was also connnected to the cathode. (Figure 72)
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Argon plasma

Copper mesh
Sample

Cathode

Figure 72: Modified argon plasma set up with coppesh

In the modified configuration, the argon ions dateaated to and acclerated by the mesh,
and some of the argon ions can pass through thé& emes bombard the metal film
underneath. It is also likely that the copper mgsts etched at the same time during the
process. The mesh was adjusted during each etaftenyal to expose the non-etched
areas. When the process is complete, the etchimyich more uniform and all the areas
were etched homogeneously.
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Figure 73: (a) Comparison of 50nm gold films onsgldefore and after plasma etching (b) measured
transmission spectra of the 50nm Au film before after plasma etching

Figure 73 (a) shows the still image of a 50nnmdddim on glass before and after argon
plasma etching. Before plasma etching, the 50nnd §ith shows the typical golden

color, while the logo underneath is somewhat vesti#cause the metal thickness is in the
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range of the skin depth. The spectra in Figurebj3tjow that before the plasma etch, the
transmission is about 15-20% with a transmissioakp& around 550nm wavelength.
After plasma etching, all the metal underneathcthygper mesh was removed completely,
showing clearly the logo image underneath (Figu2e(d)). The total transmission is
increased to around 92%, the same transmissioheaglass susbtrate. Therefore, the
argon plasma is a viable technique for removingairtéin films and it was used to etch
thin metal coatings on the large area PU gratinggires.

lii. Plasma etching for 1D grating structure

a. Total transmission of the structure

We then tried the argon plasma etching on metatedograting structures. Angle
depositions were done to coat the sidewalls andah@f the PU grating structures with
different heights. Then the samples were wrappemluminum foils and copper meshes
were place on top of the patterned area to pertbenargon plasma etching.
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Figure 74: The measured transmission spectra foctstes (a) with 1400nm height (v) and with 300nm
height with gold sidewalls before and after plastehing, (c) and the image of a 300nm height stinect
with gold sidewalls after plasma etching

Figure 74 (a) shows the transmission spectra ef0®rim height sample before plasma
etching, after plasma etching, and after encapsulaBefore etching, the transmission is
similar to that of the high aspect ratio structwith smaller area at around 40-45%. With
argon plasma etching, the maximum transmissionimddavas only around 60%. This is
because while the metal on top of PU bars are beiciged, the PU underlayer in the
channels is also exposed to argon ions and it ie asily etched by the argon ions. This
will create a much deeper trough in the channeatsearhance the diffraction effect of the
grating structure. Furthermore, for the PU gratiitere the metal top is removed, the PU
material in between the two metal sidewalls coub de etched if the process is not
stopped. However, when the structure is encapsijl&®e prepolymer fills inside the
channels and significantly reduces the diffratifiect. In this case, the measured total
transmission is impoved to above 70% for wavelendibyond 600nm. For the 300nm
height structure, the transmission is already 6@fore etching, similar to that of the
smaller area samples. After plasma etching, the tcansmission is increased to about
77%. With encapsulation, the transmission intensayg further increased to 80%. Figure
74(c) shows a 300nm height sample after the ardasnm@a etching. It shows the
transmission is much higher than non-etched aredside the pattern, and the logo
underneath is clearly seen without distortion. Hesve some areas are not completely
etched and they show the grid of the copper mesh.tlie taller structure, the total

transmission is 10% less than ion milled smallen@das, and the shorter structure has
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also a 2-3% decrease Therefore, the plasma etéhimgt as good as the argon ion
milling. The SEM images show that after the plagtwhing, the gold coating on top of

the grating edge may not be completely etchedaofd, there are many particulates on top
of the grating as well as in the channels. It isgide that there is some redeposition of
gold or copper from the mesh onto the structureséhadditional defects may lower the

stransmission of the samples. (Figure 75)

NS
(b)

Figure 75: SEM images of a 300nm height structéter @alasma etching (a) at tilt view and (b) topwi

b. Total transmission of encapsulated structure - Reduction of diffraction

Figure 76: Image of a 1400nm height structure after argon plasimag with a corner of the
structure encapsulated
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To show the optical property differences betwdenunencapsulated and encapsulated
structure, a plasma etched sample was only pgridtapsulated at the corner. Two
identical logos are place beneath and about 3cny &wen the sample. (Fgure 76) For
the unencapsulated area on the right, we can segotlible image of the logo due to the
diffraction of the grating structure. For the ermapted area, the logo can be clearly seen
without distortion. The diffraction effect is vagtteduced. This approach demonstrates
that the structure, when encapsulated, is suifaplgansparent electrode applications in
solid-state lighting and smart windows.

c. Transmission of the encapsulated structure - Different incident angles

(b) (d)
Figure 77: Still images from the movie clip whee tmes Laboratory” logo is (a) under the encapsada
area, (b) unencapsulated area showing double imagith vertical grating direction, (c) encapsulateda
with sample tilted 60° and (d) with sample tilte@° Gut also rotated 90°. (Unencapsulated PU grating
structure dimensions: periodicity = 21fn, height~ 1.2pum, width= 1.2um.)

For better comparision, we made a sample with argynall area encapsulated, leaving
the remainder only plasma etched, and we recordadwe clip of the sample showing
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its transmission and diffraction properties of eiffint areas. (which can be viewed here

http://home.engineering.iastate.edu/~sumitc/docushelectrodes The movie shows the

transmission mode of the sample as well as its ribgece on the incident angle by
viewing the “Ames Laboratory” logo from the top. Wbserved that, when the sample is
at a distance but parallel to the logo, the endapedi area (top left corner of the sample)
still clearly shows the image below without anyiblis distortion. (Figure 77 (a)) For the
plasma etched, unencapsulated area, however, veevebthat the image is indistinct.
When the sample is moved closer to the logo, we dsméble imaging due to the
diffracting nature of the grating, which causes ther for the unencapsulated area.
(Figure 77 (b)) In contrast, the double image afigas not seen for the encapsulated
area when the sample was moved up and down witlece$o the logo. Furthermore and
more importantly, when the sample was tilted (uF@®®) with respect to the logo plane,
with the tilting direction either parallel to or gpendicular to the grating direction, the
image below still can be seen clearly without anyiceable decrease in transmission
intensity through the sample, nor did the sampdeice a diffraction effect. (Figure 77 (c)
and (d))

We also studied the diffraction phenomenon of thacture in which we shine a green
laser through the sample and observed the diftragbattern projected on a piece of
white paper. For the plasma etched area, the tittedgntight formed a diffraction pattern
due to the grating structure, and the light intgnsias distributed accordingly at different
diffraction orders. When the laser was directedmthe encapsulated area, the intensity
of the zeroth order was noticeably increased wii&e light intensities of other orders
were very significantly reduced. This indicates ith@dent light was concentrated on the

direct beam with minimal diffraction effects.

In order to quantitatively characterize the effeicencapsulation, we measured the total
transmission of the structure at different incidangles. Figure 78 illustrate how the
incident angle is changed with respect to the ggadiirection. The sample is rotated as a

venetian blind in the direction orthogonally to tjrating direction.



90

surface [RNININI

A S
/ /

Figure 78: schematic for the transmission measuneatedifferent incident angles
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Figure 79: The measured total transmission speecfrgda) an unencapsulated sample and (b) an
encapsulated sample. The grating sample dimensiem2.um periodicity, 1.2m width, and 1.2m
height with 40nm gold sidewalls

A 4x4mnf one-layer grating sample of A periodicity, 1.A2m width, and 1.2m
height with 40nm gold sidewalls after ion millingag/used to measure its transmission at
different incident angles. Another sample with aene dimensions was used to examine
the encapsulation effect on the transmission byyapgpa PU overlayer on top with the
PU filling inside the channels of the grating sture. (Figure 79) An unpolarized light
source is used. For the unencapsulated samplaatig@mission is still around 80% when
it is tilted 15° from the normal. When the angleinsreased to 40°, the transmission
intensity is dropped to around 70%. At 45°, itisgped even further to 55%. And at 60°,
the total transmission is below 50%. Therefore,haut encapsulation, there is a

significant reduction in transmission when the tighcident angle is large. In contrast,
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for the encapsulated sample, the transmission sitjestays above 80% even at 30°
incident angle. At 45°, the transmission is onlglueed a little to around 76-77%. At

60°ngle, the intensity is still at around 70%. Wddally, the glass slide itself has a

transmission reduced from 92% to 87% when it tedilat 60°, and for an ITO coated
glass it is decreased to below 80% at 60° incidagte. This indicates our encapsulated
structures still have relative high transmissidemsity at large incident angles.

In summary, for applications such as solid-stajating and smart windows, we have
successfully made the structure with a larger sanapea (5 x 5 cf), while other
dimensions are the same. Additional PU prepolymas wsed to fill the air channels
between the metal sidewalls to reduce the diffoacéffect from the grating pattern, and
another glass substrate was bonded on top of ihetiwte with the additional PU to form
an encapsulated structure. It is likely that moppliaations would require such
encapsulation to protect the structure. It is destrated that, with the open trenches
filled, our structure does not suffer reductionoitical transmission even at very high
incident angles (>70°), and the diffraction is at msignificant minimum. High
transmission at steep incident angles is attribtddte higher refractive index of PU4n
1.5) which replaces the low index air gap as welicathe PU overlayer which effectively
removes the roughness left by etching. The applicatf additional PU for encapsulation
effectively removes the original PU grating struetuwhich was the primary cause for
the diffraction effect, resulting in thin verticalstanding high aspect ratio metal bars with
a periodicity of around 1.2 -1,8m. Furthermore, at the air/PU interface, if the inade
angle of light is 60°, it is reduced to about 3§°rbfraction thereby guiding the light
through the structureThe transmission of encapsulated structures carfultber
improved by the adoption of various anti-reflectiveatments at the encapsulation/air

interface.

Iv. Large area structures by argon ion milling

Utilizing the argon ion milling equipment, whids capable of large area sample
processing, at the Nano Fabrication Center in timévéysity of Minnesota, [75] we

demonstrated that argon ion milling is a more ¢iffecprocess to remove metal on PU
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top surface without any noticeable over-etchingthed PU underlayer. The etching is
much more uniform and homogeneous and has a clafiielrate compared to argon
plasma etching. The large area samples also h&uenZeriodicity, 1.2m width, and
the heights are 300nm or 1400nm. Figure 80 (a) shine still image of the 300nm
height sample after ion milling. The entire area kary high transmission and the logo
underneath is clearly seen. There is a rainbowrale to the grating structure. The
SEM image of a 1400nm height sample at a tiltedeasigows the gold on the sidewalls
are intact. The metal layers on top of the PU lage been cleanly removed. This
suggests that the argon ion milling technique tleeneffective process remove the metal
layers on top of PU bars for the transparent edéetfabrication.

(a) (b)
Figure 80: (a) An ion milled sample with 300nm Heigb) SEM image of an ion milled sample with
1400nm height at tilted angle

The transmissions of the samples were measur@dlamwn in Figure 81. Before ion
milling, the metal-coated PU grating structuresehaimilar transmission intensities as
prior samples. After argon ion milling, the transeion intensity for the 1400nm height
sample is about 76%. This is a 16% increase fraptasma etched sample. As we seen
in the SEM image, the etching of the PU is minirdizand the surface is smooth. The
structure is in tact and no over-etching is obsgimethe channels.. For the 300nm height
sample, the transmission is also higher than thenph etched one. The transmission

intensity is increased to about 86%, which is als®-9% improvement from the plasma
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etched sample. Transmission measurements confiah dhgon ion milling is the

preferred technique.
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Figure 81: Total transmission of the 1D PU gratstgictures with gold sidewalls after ion milling fiovo
samples with 300nm height and 1400nm height

We deposited silver paste at two ends of thegtras with a separation of about 4.5cm,

and measured the 2-wire resistance of the strigtéi@ the 1400nm height sample, the

resistance is as low as 12-08 and for the 300nm sample, the resistance islalgat

52Q. This demonstrates that our structures are higbhductive even over large areas

suggesting the few, if any, of the metal bars ao&dn.
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CHAPTER 5. FUTURE RESEARCH PLANS

The high aspect ratio metallic transparent ebelets have numerous potential
applications including smart windows and solidetighting devices. Two different
areas should be investigated further to evaluadehsibility of our structures in these
applications. First, interdigitated structuresllafi with active materials could be used to
manipulate the transmission intensity through dra@e. Secondly, the is a need for the

reduction of periodicity for high reflection for aelR applications.

1. Interdigitated structure

One of the more fascinating properties of trarmmiaelectrodes is its potential in
switching the light transmission from high integdib low in smart window applications.
One good example of smart windows is using elebtoism to regulate the
transmission of light through the device with chiaggcolor in a reversible fashion by
applying a dc voltage. [76]

In our design, an interdigitated structure basedthe high aspect ratio metallic structure
can be utilized as electrodes to apply voltagesadive materials to manipulate their
optical properties similar to that of electrochrordevices. (Figure 82) From the top view,
we illustrates that the adjacent metallic ribboresdisconnected from each other to form
the interdigitated structure. Polarizing voltages therefore be applied for the adjacent
metallic ribbons.

Metal#1 angle deposition Metal#2 angle deposition

I
IIII :

Filling channels l Laow angle argon
with active .

¢ ion milling
Flectrically responsive material o
material

Mrlul&\ ""/"“m ?l' bar

N
minkalnle minininle

(a) (b)
Figure 82: (a) The designed interdigitated struetand (b) the schematics for interdigitated stmectu
process
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The fabrication process for the interdigitated cinee is similar to that of argon ion
milled small area transparent electrode structukesshown in Figure 82 (b), a metal is
first angle deposited from one side of the PU gratOne end of the grating structure is
covered by a mask before the metal deposition. iShdene to intentionally leave a small
part of the grating without metal coating on thdesiall to separate the two adjacent
metal sidewalls to the contacts. The same metaknmhtor a different metal is then
deposited from the other side to coat both sidewalithe PU bars. The other end of the
grating structure is also block to separate thacaljt metal sidewalls at the other end.
The metals on top of PU bars can be physically k@udy argon ion milling. At last, the
empty channels are filled with active materials ahhcan respond to the applied voltage
and the optical properties of the structure canHagacterized.

Figure 83: SEM images of the interdigitated struetwith Ag sidewalls

Figure 83 shows the SEM images of the interdigitastructure after argon ion milling

at one end of the electrode. In the top view, dhiserved that the metal coating on top of



96

the PU grating is completely removed by the argom milling. The interdigitated

structure has one end of the metal ribbons on atewalls is terminated while the
adjacent metal ribbons are still continuous aldvggRU bars. From the tilted angle view,
we observed that there was indeed no metal coammghe PU sidewalls where the
ribbons terminate.

There are other emerging applications with therdigitated structure. One of them is to
incorporate such high aspect ratio wall shapedrdiggtated electrodes in blue phase
liquid crystal displays (BPLCDs). [77] BPLCDs hasteawn great interest due to their
submillisecond response time, wide view and sinfgibeication process. (Figure 84)

= —_— Analyzer(a’)
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Common electrode
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\‘.\‘
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Figure 84: schematic of (a) a conventional intatdtgd electrode structure and (b) a wall-shapedteide
structure with high aspect ratio metal electrod&g [

However, the conventional device requires a rethtiiigh operating voltage because
the electric fields are restricted near the eleldreurface. To overcome this technical
barrier, a wall-shaped electrode configurationhesen so that the induced birefringence
is uniform between electrodes throughout the ertitegap. Consequently, the operating
voltage is reduced by abouB2imes. Therefore, our interdigitated structurauldcserve
this purpose very well. In addition, developmentoofianic light emitting transistors
(OLETSs) has become another interesting researcb itoglisplay and lighting. [78] Such
wall-shaped electrode configuration could also beduto improve the efficiency and
performance.
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2. lum periodicity one-layer structure

To utilize the high aspect ratio metallic trangpe electrodes for high reflection in the
near-IR region, the periodicity of the grating sture needs to be reduced. One-layer PU
grating structure with @m periodicity, 400nm width, and 400nm height walsritzated
using the 2R¢TM technique. The grating structure was subsequerséd to make the
metallic transparent electrodes. Angle metal dejposi of 40nm gold were carried out
for the metal coatings on the PU surface and aiganmilling was done to remove
excess metal on top of the PU grating. After iodling, the structure shows metallic
ribbons on the sidewalls of the PU bars stayedcintehile the metal on top was

completely removed. (Figure 85) There may be sowa-etching in the PU bars if the

ion milling step is done longer than it is needed.

Figure 85 Scanning electron microscope (SEM) images of aiganmilled gold sample. The original
polymeric gratings have aufn periodicity and 400nm width and 400nm height. Tdwd sidewall
thickness is 40nm

The optical properties of the structure were abi@rized. The total transmission was
measured before and after ion milling processhdinged that the transmission intensity is
less than 30%. Such low transmission may be cabgezkcess gold deposition in the
channels of the grating structure. After ion mglirthe total transmission of the sample is
significantly increased to above 80%. (Figure 8§ faansmission intensity is dropped
below 550nm wavelength due to the absorption ofl grssibly redeposited as a very
thin layer in the channels.
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Figure 86: (a) Total transmission of visible ligigfore and after ion milling (b) specular refleatiof the
structure at two different polarizations

The specular reflection of the sample in near and IR region was also measured
using the FTIR spectrometer. Similarly to the2vbperiodicity grating structure, the
lum periodicity sample has a near zero reflection fioe TE mode (90 degree
polarization) at wavelengths beyond 2000nm. A dui®fformed at around 1200 nm
wavelength for the TM mode, and the reflection msigy keeps increasing and reaches
around 90% in the plateau area. Optimization ofstingctural dimensions is still needed
to further study the |dm periodicity samples. In addition, successful éaegea sample
fabrication process is crucial for commercializatim the near future. Moreover, the
feasibility of incorporating roll-to-roll printingorocess for both 2i6n and 1um large

area structures is of particular interest and ingrae.
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CHAPTER 6. CONCLUSIONS

In summary, we have fabricated novel patterned s@ale metallic structures for use as
transparent electrodes by a combination of two4pelymicrotransfer molding, oblique
metal deposition and argon ion milling techniqu8sch structures have high optical
transparency in the range of 80% for visible ligimd low sheet resistance (Q/2).
Different metallic materials were deposited to shibw feasibility of such a process to
accommodate the requirements for various devicdicapipns. A working proof-of-
principle organic solar cell device was fabricatedzurthermore, such transparent
electrodes can be fabricated in large area and tidnez important applications in smart
windows and solid state lighting, and roll-to-rgitocessing can be realized for such
structures in the foreseeable future.
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APPENDIX A: ARGON ION MILLING FROM
PERPENDICULAR DIRECTION

The argon ion milling step is carried out frone tiirection perpendicular to that of the
grating strucutre. It was found that as the millprgcess progressed, the PU bars as well
as the metal on their surface would be etched miinftop to the bottom without
maintaining the original structural integrity oetbriginal PU grating dimensions. Figure
Al (a) illustrates the etching on the grating de at different areas. The etching
started from the corner of the PU bars which gotaeed by the argon ion bombardment
first. (Figure Al (d)) Then the metal on the otkele of PU was etched, and the PU bars
was etched more uniformly to the middle of the heigFigure Al (c)) As the ion milling
continued, the PU bars closest to the ion gun \aér®st completely removed leaving
only a thin layer of the PU bars. (Figure (b)) Téfere, the argon ion milling process
should be done parallel to the grating direction.

Figure Al: (a) Schematic of argon ion milling fonet angle deposited grating structure from the
perpendicular direction and the SEM images of thhecture was (b) mostly etched, (c) etched to the
middle of the PU bars, and (d) etched starting foova corncer
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APPENDIX B: ABSORPTION ENHANCEMENT IN SOLAR
CELLSWITH METAL GRATING STRUCTURE

Theoretical studies have shown that with optimigedodicity, height, and thickness of
the metal grating structure, the electric fieldtie active layers could be immensely
enhanced. This would improve the light absorptiontiie organic layers and in turn
increase the power conversion efficiency of theickev

80%
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Figure B1: (a) The schematic design of the metatigg structure with smaller periodicity, and (bgt
design of the solar cell structure with optimizeuickness of each layer, and (c) the absorption
enhancement improvement in P3HT:PCBM with respeet $tandard 100nm thick ITO on glass

In the design for the simulation, the PEDOT:P38 fis neglected ¢,=0), The
thickness of glass substrate is set to be infifdie= +). That is, the whole structure is
deposited on a semi-infinite thick glass substrael light is incident from the glass (see
Figure B1 (b)). The parameters are set for theoparity of the silver grating=360nm,
fill factor of the metalf =0.12, height isd, =300nm, for the P3HT:PCBM layer
d,=160nm, the aluminum counter electrod# =800nm. As a comparison, the
absorption spectrum is also plotted with a 100 hicktITO coated glass as the electrode
with other parameters same. In the interested wagéh range o480 ~ 620nm, the
enhancement for two polarizations ranges fra¥% to 137% . Averaging two
polarizations these two peaks give a plateau flsfinm to 570nm (green line in

Figure Bl (c)). This shows, with optimization, ostructure can be used for field
enhancement to improve the solar cell efficienaysuderably.



