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TRANSPARENT CONDUCTORS BASED ON

MICROSCALE/NANOSCALE MATERIALS FOR HIGH PERFORMANCE

DEVICES

Tongchuan Gao, PhD

University of Pittsburgh, 2016

Transparent conductors are important as the top electrode for a variety of optoelectronic

devices, including solar cells, light-emitting diodes (LEDs), flat panel displays, and touch

screens. Doped indium tin oxide (ITO) thin films are the predominant transparent conductor

material. However, ITO thin films are brittle, making them unsuitable for the emerging flex-

ible devices, and suffer from high material and processing cost. In my thesis, we developed

a variety of transparent conductors toward a performance comparable with or superior to

ITO thin films, with lower cost and potential for scalable manufacturing. Metal nanomesh

(NM), hierarchical graphene/metal microgrid (MG), and hierarchical metal NM/MG ma-

terials were investigated. Simulation methods were used as a powerful tool to predict the

transparency and sheet resistance of the transparent conductors by solving Maxwell’s equa-

tions and Poisson’s equation. Affordable and scalable fabrication processes were developed

thereafter. Transparent conductors with over 90% transparency and less than 10 Ω/square

sheet resistance were successfully fabricated on both rigid and flexible substrates. Durability

tests, such as bending, heating and tape tests, were carried out to evaluate the robustness

of the samples. Haze factor, which characterizes how blurry a transparent conductor ap-

pears, was also studied in-depth using analytical calculation and numerical simulation. We

demonstrated a tunable haze factor for metal NM transparent conductors and analyzed the

principle for tuning the haze factor. Plasmonic effects, excited by some transparent conduc-

tors, can lead to enhanced performance in photovoltaic devices. We systematically studied
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the effect of incorporating metal NM into ultrathin film silicon solar cells using numerical

simulation, with the aid of optimization algorithms to reduce the optimization time. Mech-

anisms contributing to the enhanced performance were then identified and analyzed. Over

72% enhancement in short-circuit current-density was demonstrated by the optimal solar cell

compared with 300-nm-thick Si solar cell with antireflection coating and silver back reflector.
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1.0 INTRODUCTION

1.1 APPLICATIONS OF TRANSPARENT CONDUCTORS

Transparent conductors (TCs), which are optically transparent (> 80%) and electrically

conductive (< 10 Ω/sq) simultaneously, play a crucial role in a variety of photonic and

optoelectronic devices and have been comprehensively studied since 1907 by Bädeker.[1, 2] As

is implied by the name, transparency and electrical conductivity are the two most important

figure of merits for assessing the performance of a TC material. The burgeoning of research

on novel photonic and optoelectronic devices puts increasingly stringent requirement for

performance onto TC materials, thus greatly prompting the research in this field in the past

decade. For example, Rowell et al has reported that a transparency over 90% at a sheet

resistance of less than 10 Ω/sq is the prerequisite for a competitive monolithically integrated

thin film solar cell module,[3] which is something far from trivial to achieve.

From a electrodynamics point of view, the optical transparency and electrical conduc-

tivity of a material is inherently determined by its complex permittivity ε = ε′ + jε′′, where

ε′ and ε′′ are the real part and the imaginary part of permittivity, respectively, and j2 =

-1. Optical transparency is often a characteristic of dielectrics, indicated by a real ε with

a positive value. That the imaginary part of permittivity ε′′ is zero indicates that they are

electrical insulators. However, electrical conductivity is predominantly possessed by metals,

described by a negative ε′ and a non-zero ε′′.[4] The dilemma can be solved using a variety

of strategies, including making an insulator conductive without affecting the optical prop-

erties, e.g. by doping tin oxide to degeneracy using indium atoms,[5] exploring new physics

in materials,[6] or combining the optical and electrical properties of multiple materials. The

development of metal nanomesh (NM) is an example of the third strategy that combines
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the excellent conductivity of metal and the transparency of air.[7] Furthermore, hierarchical

materials have also been investigated recently using the this strategy.[8, 9]

Apart from increasing the transparency while reducing the sheet resistance, effort has

also been devoted by the industry to the realization of inexpensive manufacturing methods

of scalable and flexible TCs, so as to accommodate the emerging flexible and wearable

devices.[10–12] Bae et al reported successful fabrication of 30-inch graphene thin films with

97.4% optical transmittance at a sheet resistance of 125 Ω/sq using roll-to-roll technique.[13]

Advanced printing techniques offer another approach for the fabrication of TCs and even

devices. Hu et al reported on the printing of Ag nanowire (NW) ink onto a flexible plastic film

using a Meyer rod and achieved over 80% transparency at a sheet resistance of 8 Ω/sq.[14]

Supercapacitors on cloth fabrics were successfully printed using a modified inkjet printer by

researchers in the Chongwu Zhou group.[15] Other methods, such as vacuum filtration,[16]

convective self–assembly,[17] and capillary printing,[18] have also been demonstrated and

showed potential for industry scale manufacturing.

Beside the transparency and electrical conductivity, more application specified character-

izations, including haze factor and work function, are of special interest to the TC researchers

and have been intensively studied. Haze factor will be discussed in more detail in the fol-

lowing chapters. Applications such as flat panel displays and touch screens require very low

haze factor for a clear appearance, while applications such as solar cells favor both a high

transparency and a high haze factor to increase the light path length in the photoactive

layer. Preston et al theoretically studied the haze factor of Ag NWs using scattering theory

and simulation tools.[19] Work function matching is important for devices including solar

cells and photoelectrochemical cells. Zhou et al developed a universal method to produce

low work function TCs by the incorporation of aliphatic amine groups.[20] More and more

work is being focused on these topics towards a more comprehensive understanding in the

compatibility between TCs and the user devices.

Being not only a hot topic for researchers in academia, TC materials also possess a grow-

ingly huge market. The demand for TCs has been increasing rapidly over the past decade

and it is forecasted that the transparent conductive film/glass market will be over $6 bil-

lion market by 2024 (Source: Transparent Conductive Films (TCF) 2014-2024: Forecasts,

2



Markets, Technologies (IDTechEx)). The trend is expected to continue for the foreseeable

future. Liquid-crystal displays (LCDs) is currently the largest user of TCs, while other appli-

cations, such as touch screens,[13, 21, 22] light-emitting diodes (LEDs),[23–25] transparent

heaters,[26] smart windows,[27] and electromagnetic interference shields,[28] also see a rapid

growth in their market shares. The emerging of flexible devices prompt the investigation

of novel TCs suitable for such applications, although rigid devices still have a huge market

share. Currently, the most mature and dominant TC material is tin-doped indium oxide

(ITO), with $3 billion dollar market in 2010.[29] However, ITO is expected to lose some of

its market share to new TC materials. In the following section, a brief review of typical TC

materials is presented.

1.2 DOPED METAL OXIDES

Transparent conductive metal oxides (TCOs) are the prevailing TC materials today. The

interest in TCOs may date back to 1900s, when Bädeker studied the resistivity of CdO,

Cu2O and PbO.[1] Amongst them, CdO thin films have a transparent appearance with

resistivity only one order of magnitude higher than that of ITO. In 1947, SnO2 was used

as transparent heating layer for airplane cockpit windows.[30] Fluorine and antimony-doped

tin oxide (FTO and ATO) were the first commercialized TCO materials and are still widely

used in thin film solar cells today. In2O3 attracted scientists’ interest in 1960s as infrared

filters in low-pressure sodium discharge lamps.[31]Zinc oxide (ZnO) was initially used as

a compound semiconductor, whereas thin film ZnO was then investigated as piezoelectric

devices in 1960s.[32] As a TCO material, the lowest resistivity of antimony doped zinc

oxide (AZO) is 2 - 4 × 10−4 Ω cm, which is between SnO2 and ITO and two orders of

magnitude higher than silver. Since invented in 1947 by Corning company, the properties

and the deposition technique of ITO have been vastly developed for over 50 years with the

prosperity of flat-panel display industry. The ability of depositing ITO with a well-controlled

thickness and doping concentration makes it the most mature TCO material today.
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Most of the TCOs are degenerately doped n-type wide band-gap semiconductors, such

as ITO, AZO, FTO, and ATO. They are absorbing in the UV regime due to the excitation of

electrons from the valence band to the conduction band, and photons with an energy lower

than the plasma energy will be reflected by the free electrons. To maintain an transparency

window in the visible range, the key factor to be tuned is the ratio of the free carrier

concentration n and the effective carrier mass m∗.[6]

The resistivity ρ of TCOs is typically 10−4 –10−3 Ω cm due to the relatively high mobility

(µ < 100 cm2 V−1 s−1), compared to ρ = 1.6 × 10−6 Ω cm for the best conductor – silver.

The resistivity originates from that the charge carriers are scattered by both phonons and

ionized doping atoms, while the latter is dominant. The mobility contributed by uniformly

distributed scattering centers in TCO is given by

µii =
3(εrε0)

2h3

Z2m∗2e3
n

Ni

1

F np
ii (ξd)

(1.1)

where ξd = (3π2)1/3εrε0h
2n1/3/m∗e2, εrε0 is the permittivity of the metal oxide, h is Planck’s

constant, e is the elementary charge, n and Ni are the electron and ionized doping atom

concentrations respectively, Z and F np
ii are the number of charge and the screening function

for a non-parabolic conduction band for ionized doping atoms respectively, ξd is the screening

parameter, and m∗ is the effective mass of charge carrier.[33] However, lattice defects, which

are introduced by doping and deposition process, will significantly reduce the mobility of

TCO.

A variety of thin film deposition methods have been developed to deposit TCOs, such as

ITO, FTO, and AZO. The optical and electrical properties strongly depend on the deposition

method, because different deposition methods will result in different material nanostructure

and defect status. Commonly used deposition techniques for ITO thin films include evapo-

ration, sputtering, reactive ion plating, chemical vapor deposition (CVD), spray pyrolysis,

dip coating, and sol-gel method.

In manufacturing environment, dc magnetron sputtering is typically used as the depo-

sition method.[34] Annealing at elevated temperature (> 135 ◦C) is required for the as-

deposited amorphous ITO to crystallization. The conductivity of ITO will be increased by 5

times after about 10 h annealing at 135◦C. A 100-nm-thick ITO thin film has can achieve an
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average visible transparency of 85% at a sheet resistance of 15-20 Ω/sq, which is adequate

for most optoelectronic devices.

Though as the best TC material, ITO thin film suffer from several drawbacks, hindering

its dominance and development in the future. First, In is a rare metal with rising price.[35]

As a byproduct from Zn mining, the In supply is usually below demand. The In over Sn

atom ratio in ITO is 90/10 when the optimal TC properties are achieved, which means the

mass of In is 75% of ITO. Second, the commercially used dc magnetron sputtering process

requires high temperature, making it unsuitable for emerging organic devices. Third, the

work function of ITO depends on the cleaning procedure of the substrate.[36] Fourth, as a

ceramic material, cracks form and propagate in ITO easily under small strain, degrading

the conductivity significantly. Therefore it is not suitable for flexible devices and resistive

touch screens. Last, the ITO is only transparent in the visible range, making it unsuitable

for applications such as UV LEDs and IR detectors.

AZO and FTO are considered decent alternatives to replace ITO. AZO, which is widely

used in CIGS solar cells[37] and LEDs,[38] is an inexpensive substitution for ITO. Sputtering

is commonly used for AZO deposition and usually followed by annealing processes. How-

ever, the electrical stability of thin AZO film remains a concern especially in high humidity

situations. FTO, which can be grown using CVD, is widely used in solar cells. However,

the etching of AZO is prohibitively difficult, hindering its usefulness in nanoscale/microscale

applications.

Towards better performance on flexible devices and lower manufacturing cost, a variety

of novel materials have been developed as potential substitutes for TCOs, such as conductive

polymers, carbon nanotube and graphene thin films, metal NW networks, and hierarchical

structures.

1.3 CONDUCTIVE POLYMERS

Conductive polymers have emerged as a good substitution for TCOs with good electrical

conductivity and optical transparency. These materials also offer excellent flexibility, good
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processability and compatibility with plastic substrates, and lower cost. The conductivity

of polymers originates from charged doping in the polymer chains by the solvent and other

additives. Historically, a broad range of conductive polymers have been developed, includ-

ing polythiophene (PT) and its derivatives, poly(paraphenylene vinylene) (PPV), polypyr-

role (PPy), polyaniline (PANI), and so on. Currently, PT and PANI with their respective

derivatives are the mostly used conductive polymers. PT materials are a family of conju-

gated polymers with good environmental stability. The most important PT derivative is

poly(3,4ethylenedioxythiophene) (PEDOT), which is usually stabilized by polystyrenesul-

fonic acid (PSS) in aqueous environment. PEDOT:PSS has been used in a broad range

of applications, such as solar cells,[39] nonlinear optical devices,[40] OLEDs,[41] and smart

windows,[42] and received vast commercial success. PEDOT:PSS is also used with other

TC materials for a smoother surface and thus better performance[43]. PANI, similar to PE-

DOT, is a positively doped polymer. PANI is normally processed by solution-cast[44] and

electrospinning.[45] TC materials based on PANI fibers, graphene/PANI and carbon nan-

otubes/PANI composites have been reported.[46–48] PPy has its applications as sensitizer

in solar water splitting devices.[49] However, conductive polymers still suffer instability of

the doped state, resulting in a gradual degradation in the electrical conductivity.

1.4 CARBON NANOTUBES AND GRAPHENE

1.4.1 Carbon Nanotubes

Carbon nanotubes (CNTs) are tubular allotropes of carbon consisting of coaxial tubes

of graphitic sheets, first discovered by Iijima in 1991 using arc-discharge evaporation[50].

“Needle-like” tubular structures was found at the negative electrode. In terms of the num-

ber of graphitic sheets in an individual tube, CNTs are categorized as single-walled nan-

otubes (SWNTs) and multi-walled nanotubes (MWNTs). Carbon atoms are sp2 hybridized

in SWNTs and a series of coaxially aligned SWNTs form MWNTs by van der Waals forces.
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The structure of a SWNT can be considered as a single graphite sheet wrapped to form a

seamless tube. SWNTs can either be metallic or semiconducting depending on the direction

of wrapping, represented by indice pair (m,n), where m and n are integers. SWNTs are can

be categorized into either of armchair, zigzag, or chiral by (m,n). WMNTs share similar

electrical properties to SWNTs when free of defects and contaminations. Electrons are

transported ballistically along a CNT, making it capable of carrying high current without

significant heat effect. Though it is difficult to limit the type of SWNTs in producing, SWNTs

with certain chirality can be sorted by post-treatments. For example, metallic SWNTs can be

selectively eliminated by electrical heating. SWNTs with small diameter have exceptionally

high stiffness and strength, with density-normalized Young’s modulus and yield strength 19

and 56 times that of steel, respectively. The high mechanical strength and chemical stability

of SWNTs make them a promising candidate for durable TCs.

Two-dimensional random networks may be the most viable form of utilizing CNTs for

TCs. Purified SWNTs, usually a mixture of metallic and semiconducting types, are most

commonly used for such purpose. Both wet and dry processing techniques have been de-

veloped to fabricate CNT TCs. Wet processing methods include spin coating, dip coating,

and vacuum filtration. Conductive CNTs films consisting of both SWNTs and DWNTs

were reported by Mirri et al using scalable dip coating method[51]. CNTs were dispersed

in chlorosulfonic acid (CSA) solutions without the use of surfactants, functionalization, or

ultrasonication and then coated onto glass slides using dip coating. The sheet resistance was

100 Ω/sq at 90% transmission in the visible.

Despite that these methods are scalable and have high throughput, the presence bundled

CNTs becomes a major issue. Vacuum filtration will have better dispersion. The advan-

tage of solution based methods is that they may be potentially incorporated to roll-to-roll

processes, which allows for continuous, automatic, and scalable manufacturing.

1.4.2 Graphene

Graphene is a two-dimensional crystal consisting of a single-layered graphite sheet with sp2

hybridized carbon atoms bonded in a hexagonal lattice. Graphene flakes were discovered by
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Novoselov and Geim et al using mechanical exfoliation in 2004[52] and a variety of modified

procedures were developed afterwards.[53] Though great research interest incentivized, it is

difficult to study the physics and the properties with the exfoliated graphene flakes due to

their small size and irregular shape. CVD was then used to grow large scale monolayer

graphene and few-layer graphene (FLG). Few-layer graphite has been successfully growth

epitaxially on metals such as Pt,[54] Ni,[55] Fe,[56] Pd, and Co[57] with carbon-containing

gas at high temperature (≥ 1000◦C). The growth mechanism is interpreted as that the C

atoms, from the decomposition of C-containing gases, are dissolved in and segregate on the

surface of metal to form graphene layers. H2 is often used to eliminating the contamination

in metal for uniform growth. However, it is difficult to exclusively get single-layered graphene

because C atoms dissolved in metal tend to continue segregating on the metal surface when

the system cooling down. Today, Cu has been proved as an excellent catalytic substrate for

growing exclusively single-layered graphene using methane (CH4) and H2 at 1000◦C,[58, 59]

because the solubility of C in Cu is about 1/1000 of that in Ni at 1000◦C,[60, 61] minimizing

the forming of more layers.

The π-conjugation in single-layer graphene leads to different behaviors from bulk ma-

terials. Unique thermal, mechanical, and electrical properties of graphene were unveiled.

A thermal conductivity of approximately 5000 Wm−1K−1,[62] Young’s modulus of about 1

TPa,[63] and an intrinsic carrier mobility of 200000 cm2V−1s−1.[64] As a semiconductor with

zero band gap, graphene has many interesting properties, including quantum Hall effect[65]

and zero electron effective mass near the Dirac point. Graphene films (ranging from mono-

layer graphene to FLG) have recently emerged as a promising transparent electrode material

due to its high carrier mobility and high transparency when thin.[66, 67]

The first graphene-based transparent conductor was reported by Wang et al.[68] Films

were deposited by dip-coating with graphene oxide (GO) and reducing by thermal anneal-

ing. Sheet resistances as low as 0.9 kΩ/sq were obtained at 70% transmission. Reduced

graphene oxide (rGO) was solution-processed for transparent conductor in OLEDs.[69, 70]

CVD grown graphene less imperfection and is more scalable, making it preferable to exfoli-

ated graphene for TCs. Transferring techniques for CVD grown graphene was developed and

TCs with improved performance were reported.[71, 72] Roll-to-roll manufacturing of 30-inch
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graphene-based TCs were reported by Bae et al,[13] making scalable automated manufac-

turing possible. Graphene-CNT hybrid TC was also reported with Rs = 240 Ω/sq at T =

86%.[73]

1.5 METAL NANOWIRES

Metal NWs (NWs) with high aspect ratio and good conductivity are promising building

blocks for TCs as a substitute for ITO. Ag, Cu, Al, and Au are the most commonly used

NW metals to form the network. The prevailing synthesis method today is the seeding

and growing in solution environment. NWs can also be prepared by metal deposition on a

patterned substrates. Most of the metal NWs solution-processed to fabricate TCs, allowing

for scalable manufacturing.

One-dimensional[63] and two-dimensional[74] Ag gratings were investigated using sim-

ulation methods and they demonstrate comparable performance to ITO. Lee et al fabri-

cated two-dimensional percolation Ag NW networks on glass slide by dipping a NW sus-

pension onto the substrate and drying.[63] Further research has followed up to improve

the TC performance of NWs.[14, 16, 75, 76] Also, Ni was used to form alloy with Cu to im-

prove the resistance to oxidation at elevated temperature.[77] Other structures such as metal

nanotroughs,[12] TiN nanofibers,[78] and metal networks by grain boundary lithography[79]

were also reported with impressive performance.

To achieve a high transmission at a given Rs, networks consisting of long NWs with a

large diameter is favorable.[80, 81] However, a large separation between NWs will result in

poor localized conductivity and thus, poor uniform carrier collection or delivery. This is

especially a problem for organic optoelectronic devices, which have short exciton diffusion

lengths. A variety of hierarchical structures were investigated to combine the advantage of

microscale materials and nanoscale materials.[8, 82, 83]
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1.6 PHOTOVOLTAICS PERSPECTIVE

Solar energy, as the world’s fastest growing energy source, are forecasted to provide over

10% of the energy for the world by 2050. It is commonly accepted that the electricity

price provided by solar cell systems must be below $1/Wp so as to be competitive with the

conventional retail electricity. Wafer based solar cells, including single crystal silicon and

multicrystalline silicon solar cells, used to take up to 90% of the market share. However,

the market share of wafered solar cells has dropped below 90% due to the fast growth of

thin film solar cell industry. Amorphous silicon (a-Si), cadmium telluride (CdTe), copper

indium gallium selenide (CIGS) thin film solar cells and dye-sensitized solar cells have been

extensively studied in the past decades. Despite the manufacturing cost of CdTe thin film

solar cells has been reduced to below $1/Wp by First Solar, there is still plenty of interest

in the research of improving the performance of silicon based solar cells due to their huge

market share and mature manufacturing protocols. The cost of a silicon based solar cell can

be distributed to the following parts: the cost of silicon wafer, the cost of module fabrication,

and the cost of cell. The cost of silicon wafer can be then broken down to the raw material

cost, crystal growth cost, and sawing cost. Historically, the most significant cost of solar cell

modules is the cost of photoactive material, e.g. crystalline silicon. However, as the price of

solar cells saw a dramatic decline in the past decade, other costs of a solar cell system become

increasingly important. One of the most prominent costs coming into our attention is from

the balance of systems (BOS). Considering the high BOS cost, it will be more economical

to use slightly more costly but more efficient solar cells in the system. In this work, our aim

is to significantly improve the solar cell performance of silicon based solar cells even with

slightly increased cost. For example, in our study of the Cu nanomesh as the top electrode

for solar cells. The marginal cost will be $10 for a 4-inch solar cell considering the cost of

polystyrene nanospheres and metal deposition.
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2.0 CHARACTERIZATION OF TRANSPARENT CONDUCTORS

2.1 SHEET RESISTANCE

Sheet resistance (Rs) is a measure of electrical resistance of thin film materials with a uniform

thickness, commonly used in semiconductor industry and coating materials. The unit of Rs

is Ω/sq. More detail on the definition and the measurement of Rs can be found in the

classic textbook by Schroder.[84] For homogeneous thin film materials, the sheet resistance

is calculated by

Rs = ρ/t (2.1)

where ρ is the resistivity of the material and t is the thickness. Though bulk resistivity

is usually assumed when the film is not very thin for simplicity, corrections accounting

for the surface and/or grain boundary scattering of electrons is sometimes necessary for

more accurate modeling of Rs due to the polycrystalline nature of evaporated metal thin

films.[85, 86]

In experiments, four-point probe method and van der Pauw method are the two com-

monly used methods for Rs measurement. A four-point probe, also known as Kelvin probe,

with two probes applying current I and two sensing voltage V , is used to offset the contact

resistance between probes and the material, which may be greater than the sheet resistance.

A factor depending on the spacing between each probe and the dimension of the sample is

required for correction purpose. Specifically with our equipment setup, Rs is calculated as

follows when the size of the sample is not smaller than 2 cm by 2 cm.

Rs = 4.53
V

I
(2.2)

11



Van der Pauw method is used when four-point probe method is not applicable, e.g. when

it is difficult to get good contact between the probes and the sample. In order to reduce

error in measurement, geometrically symmetric samples are prepared and four small contact

pads are deposited close to the boundary of the sample using conductive silver paste to form

Ohmic contact. The four contacts are numbered 1 to 4 in a clockwise manner. A current

I12 is applied to contact 1 and 2 and the voltage V34 is measured between contact 3 and 4.

The resistance is then calculated according to Ohm’s law: R12,34 = V34/I12. Similarly, R23,41

is measured with current applied to contact 2 and 3 and voltage measured between contact

4 and 1. Using van der Pauw formula, Rs is obtained by solving:

e−πR12,34/Rs + e−πR23,41/Rs = 1. (2.3)

Rs is measured on a Hall effect measurement unit at room temperature and the result is the

average of four measurements with current applying to different pairs of contacts.

2.2 TRANSMISSION AND HAZE FACTOR

Optical transmission of TC materials is measured using a Perkin Elmer Lambda 35 UV-

visible spectrophotometer. The incoming light generated by the deuterium lamp ranges from

190 to 1100 nm.The wavelength range of interest is from 400 to 1000 nm and the optical

slit width is 2 nm. Diffusive transmission T , which accounts for the transmitted light from

all angles, is measured with a Labsphere RSA-PE-20 diffuse-reflectance integrating sphere

accessory. Specular transmission Tspec, which only accounts for the normally transmitted

light, is measured without the integrating sphere. Transmitted light with an horizontal

angular divergence of about ±3◦ is accepted by the detector. In order to obtain the total

reflection of the TC materials, an 8◦ angled sample holder is placed at the backside of the

integrating sphere, and a barium sulfate Lambertian reflector is used as a standard control

sample. The subtraction of diffusive transmission and reflection from the unity gives the

absorption spectrum of the sample.
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The haze factor, defined as (T − Tspec)/T , is an important property for TCs to quantify

the extend of haziness. The haziness of metal NW network, for example, originates from the

Mie scattering from individual NWs, resulting in a haze factor of 13% to 33%. TCs with very

low haze factor are desirable for applications such as flat panel displays and touch screens,

while TCs with high haze factor are beneficial as top electrode for solar cells to increase the

length of optical path in absorber.

2.3 FIGURE OF MERITS

From uniform thin films such as ITO thin films, there is inevitably a tradeoff between trans-

parency and sheet resistance. Sheet resistance and transparency is simultaneously reduced

when the film thickness increases. TC in devices can be either active or passive roles. For

passive type, a knowledge of sheet resistance and transmission separately will satisfy the re-

quirement. However, a proper combination of sheet resistance and transmission is required

to compare the performance of TCs in active type devices to address the inherent trade-

off, due to the more stringent device requirement.[87] A combination of Rs and T for TC

performance comparison is called a figure of merit (FoM).

One early FoM defined by Fraser and Cook in 1972 is F = T/Rs.[88] However, this FoM

gives Rs too much weight. The FoM is modified by Haacke in 1976[89] as

φ =
T 10

Rs

. (2.4)

For solid thin films, the FoM is then expressed as φ = σte−10αt, where σ is the conductivity,

t is the thickness of the film, and α is the absorption coefficient of the material. For TCs

with a give Rs, a greater σ/α ratio will lead to higher φ. For comparing TCs with the same

thickness, the FoM F = -RslnT is often used. Recently, σDC/σop is a commonly used FoM

for nanostructure-based transparent conductors,[90] where σDC is the dc conductivity of the

material and σop is the optical conductivity. This FoM can be represented in terms of T and

Rs by

T =

(
1 +

Z0

2Rs

σop
σDC

)−2
, (2.5)
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where Z0 = 377 Ω is the free space impedance. As a function of thickness, the FoM can be

written as

T = (1 + 188.5σopt)
−2. (2.6)

Notably, all the FoMs are functions of wavelength λ. Here, all the FoMs are calculated at λ

= 550 nm unless noted.

2.4 DURABILITY TESTS

To examine the durability of the TCs, a variety tests are designed including bending test,

heating test, and tape test.

Bending test is designed for testing the robustness of flexible TCs under repeating bend-

ing with a given curvature. The samples are bended around a steel rod and the sheet

resistance or resistance is monitored. The bending is done with the conducting films either

towards or opposite to the rod, corresponding to compression and tension test.

The heating test is designed for examining the chemical stability of TCs under constant

heating. Samples are placed on a hot plate and are heated at elevated temperature in

ambience. Sheet resistance or resistance is monitored as a variable evolving with time.

Tape test is designed for testing the attachment of conductive films to the substrate.

Scotch tape is pressed onto the TC with finger pressure and then pulled off to assess the

attachment of film to the substrate. Sheet resistance or resistance is monitored as a function

of the number of test cycles.

For all the tests monitoring resistance of the TCs, two rectangular Au contact pads are

deposited on the sample to minimize the measurement errors.
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3.0 METAL NANOWIRES FOR TRANSPARENT CONDUCTORS

Metal NW networks have been experimentally demonstrated as excellent TC materials to

replace ITO thin films.[14, 75–77] However, theoretical study on how the dimensions of NWs

and the density of network affect the transparency and sheet resistance is still lacking. Here,

we propose to theoretically evaluate the performance of metal NW arrays for TCs and shed

light on the physical mechanisms governing the light-matter interaction in a NW system. 1D

and 2D Ag NW networks are first investigated and compared with ITO using the FoM. Cu

NWs, as an inexpensive substitute for Ag NWs, are then examined, along with the impact

of alloying Cu with Ni to form cupronickel as a protection layer.

3.1 SILVER NANOWIRE ARRAYS

3.1.1 Schematic and Methodology

Figure 1 shows the schematic of the different transparent conductor systems we studied: (a)

Ag thin films defined by thickness t, (b) 1D Ag NW arrays with diameter d and pitch a,

and (c) 2D Ag NW arrays. The 2D Ag NW arrays are also defined by diameter d and the

pitch a of the square lattice. Silver thin films thicknesses t = 1 to 158 nm were studied,

and Ag NW arrays with NW diameter range from d = 5 to 400 nm and pitches a from

5 to 2000 nm with d ≤ a were investigated. The optical properties were determined by

solving Maxwell’s questions using the finite difference time domain (FDTD) method.[91, 92]

The optical constants for silver were taken from experimental measurement results in Palik’s

Handbook of Optical Constants of Solids.[93] A non-uniform simulation mesh with a finer
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mesh near interfaces and larger mesh in bulk regions was utilized. Perfectly matched layer

boundary conditions were used for the upper and lower boundary of the simulation cell,[94]

while appropriate periodic boundary conditions were used for the side boundaries to model

the periodic nature of the arrays.

To study the performance of these different structures as transparent conductors, the

solar integrated transmission was calculated from

Tsolar =

∫
b(λ)T (λ)dλ∫
b(λ)dλ

(3.1)

where λ is the free-space wavelength, b(λ) is the photon flux density, and T (λ) is the optical

transmission for light with wavelength λ. We considered the wavelength range λ = 280 to

1000 nm of the global 37◦ tilt AM1.5 solar spectrum.[95]

ch

Figure 1: Schematic of structures studied: (a) silver thin film with thickness t, (b) 1D Ag

NW array with pitch a and the diameter d, and (c) 2D Ag NW array.

3.1.2 Results and Discussion

Figure 2(a) illustrates a contour plot of T (λ) for silver thin films of thickness t. At larger

wavelengths, photons are governed by free electron-like behavior as governed by the Drude

model. Almost all of the incident light is reflected since the real part of the index of refraction

is small and R(λ) = |(n(λ)− 1) / (n(λ) + 1)|2 where n(λ) is the complex index of refraction

of silver and the index of refraction of air is 1. Below 310 nm, interband transitions from d
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electrons to the Fermi surface start to become important. The absorption edge is at about

320 nm (3.9 eV), which is associated with interband transitions from the L32 to L2′ band.[96]

Silver thin films have some reflection and high absorption for photons with lower wavelength

than this absorption edge.

The plasma frequency of the free electrons in the silver is about 130 nm (9.2 eV) and thus,

photons across the entire solar spectrum range cannot propagate in silver. Ag films only

support evanescent modes, where the electromagnetic field intensity decays exponentially

from the front surface. The transmission in films is described by the skin depth, where

transmission is possible when t is comparable or smaller than the skin depth. The skin

depth of Ag is slightly over 20 nm for most of the spectral range of interest and has a

maximum at the 320 nm wavelength.

Figure 2(b) plots Tsolar with the same y-axis as in (a) with Rs shown on the right y-axis.

Rs = ρbulk/t where ρbulk = 1.59× 10−8 Ω·m, which is the bulk silver resistivity.[97] Because

the transmission is evanescent in silver thin films, Tsolar rapidly decreases with increasing

thickness. Tsolar = 90% at t = 2 nm where Rs = 8 Ω/sq.

Figure 2: (a) Transmission of different silver thin film thicknesses t for wavelengths λ = 280

to 1000 nm. (b) Tsolar across the wavelengths shown for different thicknesses with the sheet

resistance Rs labelled on the right y-axis. The y-axis in (b) is the same as in (a).
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In order to compare the transmission properties of 1D ordered NW arrays with thin

films, we evaluated the transmission characteristics of traverse electric (TE)-polarized and

traverse magnetic (TM)-polarized incident light. The electric field is parallel to the axes of

the NWs for TE-polarized incident light and perpendicular for TM. Figure 3(a) plots T (λ)

as a function of diameter with a = 600 nm for TE-polarized incident light. The transmission

has a small peak at 326 nm for the same reasons as the Ag thin film discussed above. The

transmission exhibits evanescent behavior except when propagating modes are supported

between the Ag NWs.

Due to the translational symmetry of the NW array as well as the mirror symmetry, these

propagating modes occur when k0±k0 sin θ = 2πm/a, where k0 is the free space wave-vector,

m is the mode number and a positive integer, and θ is the incident angle. Equivalently, this

can be expressed as

λ = a(1± sin θ)/m. (3.2)

For normal-incident light (θ = 0), the propagating modes exist at λ = a/m.

Due to these propagating resonant TE modes, NW arrays have higher Tsolar for TE-

incident light compared to thin films at the same Rs as shown in Fig. 3(b). Rs = 4ρbulka/πd
2

for 1D Ag NW arrays. Tsolar = 90% at d = 90 nm and a = 600 nm where Rs = 1.5 Ω/sq.

Figure 3(c) shows the electromagnetic field of the doubly-degenerate TE1 and TE2 modes

under normal incidence in these Ag NW arrays. At these wavelengths, there is an enhanced

electromagnetic field surrounding the NWs leading to high transmission. These propagating

modes begin to be cut off when d > λ/2 as the electromagnetic wave is unable to concentrate

completely in the space around the NWs.

Figure 4(a) shows the angular dependence of propagating TE modes for 1D Ag NW

arrays with a = 600 nm and d = 80 nm. Rs = 1.9 Ω/sq. These modes are labelled

with subscripts based on the mode number and ± in Eq. 3.2. The propagating modes are

singly degenerate, except at the center of each Brillouin zone where kx = m2π/a and at

the edges of the Brillouin zone where kx = (m+ 1/2)2π/a. High transmission occurs at the

propagating modes for TE-incident light. Other than these propagating modes, the electric

field is evanescent at higher angles and thus Tsolar decreases at higher angles as shown in

Fig. 4(b). Tsolar = 91% at normal incidence and drops below 90% at angle of 11◦.
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Figure 3: Transmission characteristics of Ag NW arrays for TE-incident light for a = 600

nm. (a) Contour plot of T as a function of wavelength and NW diameter d. (b) Tsolar over

the wavelength range shown with the sheet resistance Rs shown in the right y-axis. (c)

Electric field intensity |E|2 for (i) TE1 mode at λ = 600 nm and (ii) TE2 mode at λ = 300

nm with d = 80 nm where the edge of the NW is shown with a dashed white line.
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Figure 4: Angular-dependence of Ag NW arrays transmission for TE-incident light for a =

600 nm and d = 80 nm. (a) Contour plot of T as a function of wavelength and incident

angle θ. (b) Tsolar over the wavelength range with the same y-axis as in (a).

The TM transmission spectrum is shown in Fig. 5(a). Near λ = 340 nm for all NW arrays,

there is a dip in the transmission spectrum due to enhanced absorption. This absorption is

mostly independent of the Ag NW diameter and due to the excitation of the surface plasmon

of the silver, which can also be excited in thin films under non-normal TM incidence.[98]

The dispersion relation of the TM modes are the same as those of the TE modes with one

important difference–the existence of a TM0 mode. The TE0 mode does not exist because

Ez = 0 everywhere in order to satisfy the boundary conditions of Ez = 0 at the NW

surface. In contrast, there exists a TM0 mode which does not have a cutoff wavelength.

This mode is a TEM mode since both the electric and magnetic field are transverse. It is a

direct transmission process where the incident energy goes straight through the NWs. This

propagating mode is responsible for enhanced transmission in metallic nanoslits, regardless

of how small these nano slits are.[99–101] From our contour plot, it was noted that when

the TM0 mode is the only mechanism for enhanced transmission, the transmission resonance

peak is where the NW diameter is about half of the wavelength. Under these conditions, the

magnetic field can concentrate in the space between the NWs allowing for high transmission.
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There are thus, two mechanisms for enhanced transmission in Ag NW arrays under TM-

incident light: direct transmission from a TM0 mode and indirect propagating TMm± modes.

Tsolar is plot for the different diameter NW arrays shown in Fig. 5(b) and tends to be higher

than that for TE-incident light due to the TM0 mode. Tsolar = 90% at d = 120 nm and

a = 600 nm where Rs = 0.8 Ω/sq. The indirect TM propagating modes occur simultaneously

with surface plasmon polariton (SPP) modes. Due to the periodic structure of the NWs,

surface plasmon polaritons can couple to incident light when kSPP = k0 sin θ ±m2π
a

, where

m is a positive integer. The real part of the Hz field patterns at λ = 589 nm and 300

nm are shown in Fig. 5(c) and (d) respectively for (i) 50 and (ii) 200 nm diameter NWs.

For small diameter NWs such as the 50 nm illustrated, the transmission is primarily due

to direct transmission through the TM0 mode. For larger diameter NWs, the incident light

couples more strongly to the indirect propagating modes. Due to interference between the

two mechanisms for transmission at larger wavelengths, the transmission behavior exhibits

Fano-type resonances with characteristic asymmetric peaks preceded by sharp dips.[102] For

200 nm diameter Ag NWs, the dip in the transmission spectra at 589 nm and 300 nm result

from interference between the TM0 mode and TM1 mode (Fig. 5cii) and the TM2 mode

(Fig. 5dii), respectively.

In Fig. 6, we plot the angular dependence of the transmission of 1D Ag NW arrays

with a = 600 nm and d = 80 nm under different incidence angles for TM-polarized light.

The transmission is high across the spectrum due to the TM0 transmission pathway. The

distinct dip in transmission near λ = 340 nm is due to the excitation of surface plasmons

and independent of incidence angle. Enhanced absorption is associated with the surface

plasmon. The dispersion relation of the TM modes, where the modes are again labelled with

subscripts based on Eq. 3.2, is identical to that of the TE modes. For low incident angles the

transmission is high across the spectrum as transmission is primarily due to the TM0 mode

for this small diameter NW array, but at higher angles the indirect transmission pathways

become more important such that Fano resonances start to become evident. Tsolar = 96%

at normal incidence and at incidence angles up to 35◦.

Figure 7(a) shows Tsolar, averaged for TE and TM polarization for different 1D NW array

sheet resistances Rs. Tsolar = 90% and Rs = 10 Ω/sq are shown with dashed black lines,
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Figure 5: Transmission characteristics of Ag NW arrays for TM-incident light for a = 600

nm. (a) Contour plot of T as a function of wavelength and NW diameter d. (b) Tsolar over

the wavelength range shown with the same y-axis as in (a) and the sheet resistance Rs shown

in the right y-axis. (c) Real part of Hz at λ = 589 nm for (i) 50 and (ii) 200 nm diameter

Ag NWs. (d) Re(Hz) at λ = 300 nm for (i) 50 and (ii) 200 nm diameter Ag NWs.

22



Figure 6: Angular-dependence of Ag NW arrays transmission for TM-incident light for

a = 600 nm and d = 80 nm. (a) Contour plot of T as a function of wavelength and incident

angle θ. (b) Tsolar over the wavelength range with the same y-axis as in (a).

since both Tsolar ≥ 90% and Rs ≤ 10 Ω/sq are important for transparent conductors in

thin film solar cells.[3] Different diameter NWs are represented by different color markers,

and the pitch is indicated by the size of the marker. The curves show clear trends for solar

transmission as a function of diameter d and pitch a. For the same Rs, NW arrays with

larger diameter at the appropriate pitch have higher Tsolar. This is because Rs decreases

with 1/d2 while transmission decreases approximately proportional to d. It can also be seen

from this figure that NW arrays are superior to thin films as they can achiever higher Tsolar

for the same Rs.

To further compare the performance of different Ag NW array geometries for transparent

electrodes, we plot in Fig. 7(b) the commonly used figure of merit for transparent electrodes

σDC/σop[90] as a function of Rs where σDC is the DC conductivity of the material and σop is

the optical conductivity. Higher values for this figures of merit indicate better performance.

This figure of merit arises from Tsolar =
(

1 + Z0

2Rs

σop
σDC

)−2
, where Z0 = 377 Ω is the free space

impedance.

This plot of figure of merit further demonstrates the improved performance of Ag NW

arrays over silver thin films as well as the improved performance of larger diameter NWs
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over smaller diameter NWs. In addition, these figures of merit allow for comparison between

a wide range of materials and demonstrate that ordered Ag NW arrays have the potential to

exceed what has been currently fabricated experimentally. Random films of Ag NWs have

exhibited σDC/σop of about 500[16] compared to about 0.5 for graphene thin films[68] and

about 30 for random carbon nanotube meshes.[103] Our simulations indicate σDC/σop > 1000

may be achievable in ordered Ag NW arrays.

Figure 7: (a) Tsolar versus Rs and (b) σDC/σop for 1D Ag NWs with different diameters d.

Tsolar is the average of TE and TM-polarized incident light. The marker size is proportional

to the pitch a of the NW array from 10 to 2000 nm. The pitches shown are from 10 to 100

nm in 10 nm increments, 100 to 1000 nm in 100 nm increments and 2000 nm. a ≥ d.

Finally, we performed simulations of 2D Ag NW square arrays. We compared Tsolar

averaged for both TE and TM-polarized incident light for 1D Ag NW arrays with Tsolar for

2D Ag NW arrays and found that they agree well with one another. 2D NW arrays can be

viewed as the two 1D NW arrays intersecting one another at 90◦, and thus the transmission

spectrum of 2D NW arrays are approximately the same as that for both TE and TM-

incident light averaged together. We also performed finite element analysis to obtain the

sheet resistance Rs for 2D Ag NW arrays, which cannot be derived analytically. The Rs for

2D NW arrays are only slightly lower than the 1D NW arrays of the same d and a. In Fig. 8,

we plot (a) Tsolar versus Rs for 2D NW arrays and (b) σDC/σop versus Rs. The plots are

approximately the same as that in Fig. 7, though Tsolar and Rs are both slightly lower.
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Figure 8: (a) Tsolar versus Rs and (b) σDC/σop for 2D Ag NW arrays with different diameters

d. The marker size is proportional to the pitch a of the NW array from 10 to 2000 nm. The

pitches shown are from 10 to 100 nm in 10 nm increments, 100 to 1000 nm in 100 nm

increments and 2000 nm. a ≥ d.

3.1.3 Conclusions

Silver thin films and 1D and 2D silver NW arrays with a broad range of geometries were

investigated as transparent electrodes. The enhanced transmission in Ag NW arrays is due

to indirect propagating modes between the NWs. For TE-incident light, 1D NWs have

enhanced transmission due to these propagating modes. For TM-incident light, enhanced

transmission occurs through direct and indirect propagating modes. When the transmis-

sion is primarily through the direct TM0 mode, there is enhanced transmission, but when

both direct and indirect mechanisms are present, asymmetric Fano resonances are observed.

These indirect propagating modes are assisted by surface plasmon polaritons. Superior op-

toelectronic performance was shown for NW arrays, which are able to achieve higher Tsolar

for a given Rs. Higher σDC/σop may be achieved in NW arrays over thin films and higher

σDC/σop may be achievable in ordered NW arrays over current experimental results.
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3.2 COPPER NANOWIRE ARRAYS

With the previous results for Ag NW arrays, we continue the work by using simulation

methods to study of the optical and electrical properties of 1D and 2D Cu NW arrays of

circular cross-section with diameters from 5 to 400 nm and pitches from 5 to 2000 nm. These

structures should correspond well to experimentally fabricated Cu NWs with long lengths

or could be fabricated by other means such as nanoimprint or electron beam lithography.

We compare these results to that of Cu thin films and Ag NW results.[80] The angular

dependence and dispersion relation of propagating modes are discussed. The electrical and

optical performance of various structures are compared and general design principles are

elucidated. In addition, we perform simulations on 1D Cu/Ni core-shell NWs, where the Ni

shell prevents the Cu from oxidation. We evaluate the performance of these core-shell NWs

for transparent electrodes.

3.2.1 Schematic and Methodology

Figure 9 shows the schematic of the different transparent conductor systems we studied: (a)

Cu thin films defined by thickness t, (b) 1D Cu NW arrays with diameter d and pitch a, and

(c) 2D Cu NW arrays. The 2D Cu NW arrays are also defined by the diameter d and the

pitch a of the square lattice. Cu thin films of thicknesses t = 1 to 158 nm were studied, and

Cu NW arrays with NW diameter range from d = 5 to 400 nm and pitches a from 5 to 2000

nm with d ≤ a were investigated.

The optical properties were determined by solving Maxwell’s questions using the finite

difference time domain (FDTD) method.[91, 92] The optical constants for Cu were taken

from experimental measurement results in CRC Handbook of Chemistry and Physics.[97]

A non-uniform simulation mesh with a finer mesh near interfaces and larger mesh in bulk

regions was utilized.

Perfectly matched layer boundary conditions were used for the upper and lower boundary

of the simulation cell,[94] while appropriate periodic boundary conditions were used for the

side boundaries to model the periodic nature of the arrays. To study the performance of
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Figure 9: Schematic of structures studied: (a) Cu thin film with thickness t, (b) 1D Cu NW

array with pitch a and the diameter d, and (c) 2D Cu NW array.

these different structures as transparent conductors, the solar integrated transmission was

calculated from

Tsolar =

∫
b(λ)T (λ)dλ∫
b(λ)dλ

(3.3)

where λ is the free-space wavelength, b(λ) is the photon flux density, and T (λ) is the optical

transmission for light with wavelength λ. We considered the wavelength range λ = 280 to

1000 nm of the global 37◦ tilt AM1.5 solar spectrum.[95]

3.2.2 Results and Discussion

Figure 10(a) illustrates a contour plot of T (λ) for Cu thin films of thickness t. At larger

wavelengths, photons are governed by free electron-like behavior as governed by the Drude

model. Almost all of the incident light is reflected since the real part of the index of refraction

is small and R(λ) = |(n(λ)− 1) / (n(λ) + 1)|2 where n(λ) is the complex index of refraction of

Cu and the index of refraction of air is 1. Below 590 nm (above 2.1 eV), interband transitions

from d electrons to the Fermi surface start to become important. [104] The plasma frequency

of the free electrons in Cu is about 130 nm (9.3 eV) and thus, photons across the entire solar

spectrum range cannot propagate in Cu.[104]

Cu thin films only support evanescent modes, just like Ag thin films do, where the

electromagnetic field intensity decays exponentially from the front surface. The transmission

in films is described by the skin depth, where transmission is possible when t is comparable
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or smaller than the skin depth. The skin depth of Cu is over 20 nm for most of the spectral

range of interest and has a maximum at the 570 nm wavelength. Figure 10(b) plots Tsolar

with the same y-axis as in (a) with Rs shown on the right y-axis. Rs = ρCu/t where the

bulk Cu resistivity ρCu = 1.68 × 10−8 Ω·m.[97] Because the transmission is evanescent in

Cu thin films, Tsolar rapidly decreases with increasing thickness. Cu thin films have Tsolar

= 91% at t = 1 nm where Rs = 16.8 Ω/sq and Tsolar = 80% at t = 3 nm where Rs = 5.6

Ω/sq. In contrast, Ag thin films have Tsolar = 95% at t = 1 nm where Rs = 15.8 Ω/sq and

Tsolar = 85% at t = 3 nm where Rs = 5.3 Ω/sq.[80] Both Tsolar ≥ 90% and Rs ≤ 10 Ω/sq

are important for transparent conductors in thin film solar cells,[3] but Cu thin films cannot

simultaneously achieve both figures of merit.

Figure 10: (a) Transmission of different Cu thin film thicknesses t for wavelengths λ = 280

to 1000 nm. (b) Tsolar across the wavelengths shown for different thicknesses with the sheet

resistance Rs labelled on the right y-axis. The y-axis in (b) is the same as in (a).

To compare the transmission properties of 1D ordered NW arrays with thin films, we

evaluated the transmission characteristics of TE-polarized and TM-polarized incident light.

The electric field is parallel to the axes of the NWs for TE-polarized incident light and

perpendicular for TM. Fig. 11(a) plots T (λ) as a function of diameter with a = 600 nm

for TE-polarized incident light. The transmission exhibits evanescent behavior except when
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propagating modes are supported between the Cu NWs. Due to the translational symmetry

of the NW array as well as the mirror symmetry, these propagating modes occur when

k0 ± k0 sin θ = 2πm/a, where k0 is the free space wave-vector, m is the mode number and a

positive integer, and θ is the incident angle. Equivalently, this can be expressed as

λ = a(1± sin θ)/m. (3.4)

For normal-incident light (θ = 0), the propagating modes exist at λ = a/m. Due to these

propagating resonant TE modes, NW arrays have higher Tsolar for TE-incident light com-

pared to thin films at the same Rs as shown in Fig. 11(b). The sheet resistance of 1D Cu NW

arrays is defined by Rs = 4ρCua/πd
2. Cu NWs have Tsolar = 90% at d = 80 nm and a = 600

nm where Rs = 2 Ω/sq. For the same geometry, Ag NWs have Tsolar = 91%, Rs = 1.9 Ω/sq.

The dispersion relation of propagating modes is independent of the dielectric properties of

the metal, and thus the optical transmission of Cu NW arrays is almost the same as that of

Ag NW arrays. The sheet resistance is also comparable since the conductivity of Cu is about

95% that of Ag. Fig. 11(c) shows the electromagnetic field of the doubly-degenerate TE1 and

TE2 modes under normal incidence in these Cu NW arrays. At these wavelengths, there is

an enhanced electromagnetic field surrounding the NWs leading to high transmission. These

propagating modes begin to be cut off when d > λ/2 as the electromagnetic wave is unable

to concentrate completely in the space around the NWs.

Fig. 12(a) shows the angular dependence of propagating TE modes for 1D Cu NW

arrays with a = 600 nm and d = 80 nm. Rs = 1.9 Ω/sq. These modes are labelled with

subscripts based on the mode number and ± in Equation 3.4. The propagating modes are

singly degenerate, except at the center of each Brillouin zone where kx = m2π/a and at

the edges of the Brillouin zone where kx = (m+ 1/2)2π/a. High transmission occurs at the

propagating modes for TE-incident light. Other than these propagating modes, the electric

field is evanescent at higher angles and thus Tsolar decreases at higher angles as shown in

Fig. 12(b). Tsolar = 89% at normal incidence and is 78% at 35◦. Fig 12(b) also shows our

results for 1D Ag NW arrays under TE incident light, where the original plot has been

corrected.[80] For Ag NW arrays under TE-incident light, Tsolar = 91% at normal incidence

and this drops below 90% at an incidence angle of 11.5◦ and is 80.5% at 35◦.[80]
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Figure 11: Transmission characteristics of Cu NW arrays for TE-incident light for a = 600

nm. (a) Contour plot of T as a function of wavelength and NW diameter d. (b) Tsolar over

the wavelength range shown with the sheet resistance Rs shown in the right y-axis. (c)

Electric field intensity |E|2 for (i) TE1 mode at λ = 600 nm and (ii) TE2 mode at λ = 300

nm with d = 80 nm where the edge of the NW is shown with a dashed white line.
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Figure 12: Angular-dependence of Cu NW arrays transmission for TE-incident light for

a = 600 nm and d = 80 nm. (a) Contour plot of T as a function of wavelength and incident

angle θ. (b) Tsolar over the wavelength range with the same y-axis as in (a). Our Ag NW

results are also shown for comparison.[80]

The TM transmission spectrum is shown in Fig. 13(a). As we discussed in our previous

paper, the dispersion relation of the TM modes are the same as those of the TE modes,

except with regards to the existence of a TM0 mode.[80]

There are two mechanisms for enhanced transmission in Cu NW arrays under TM-

incident light: direct transmission from a TM0 mode and indirect propagating TMm± modes.

Tsolar is plot for the different diameter NW arrays shown in Fig. 13(b) and tends to be higher

than that for TE-incident light due to the TM0 mode. Tsolar = 90% at d = 110 nm and

a = 600 nm where Rs = 1.1 Ω/sq. The indirect TM propagating modes occur simultaneously

with SPP modes. Due to the periodic structure of the NWs, surface plasmon polaritons can

couple to incident light when kSPP = k0 sin θ ± m2π
a

, where m is a positive integer. The

real part of the Hz field patterns at λ = 589 nm and 300 nm are shown in Fig. 13(c) and

(d) respectively for (i) 50 and (ii) 200 nm diameter NWs. For small diameter NWs such

as the 50 nm illustrated, the transmission is primarily due to direct transmission through

the TM0 mode. For larger diameter NWs, the incident light couples more strongly to the
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indirect propagating modes. At larger wavelengths, Fano-type resonances with characteristic

asymmetric peaks preceded by sharp dips is present due to interference between the two

mechanisms for transmission.[102] For 200 nm diameter Cu NWs, interference between the

TM0 mode (Fig. 13cii) and TM1 mode (Fig. 13dii) results in the dip in transmission spectra

at 300 nm and 589 nm.

In Fig. 14, we plot the angular dependence of the transmission of 1D Cu NW arrays with

a = 600 nm and d = 80 nm under different incidence angles for TM-polarized light. The

transmission is high across the spectrum due to the TM0 transmission pathway.

The dispersion relation of the TM modes, where the modes are again labelled with

subscripts based on Equation 3.4, is identical to that of the TE modes. For low incident

angles the transmission is high across the spectrum as transmission is primarily due to the

TM0 mode for this small diameter NW array, but at higher angles the indirect transmis-

sion pathways become more important such that Fano resonances start to become evident.

Tsolar = 95% at normal incidence and drops to only 94% at 35◦. The transmission remains

high due to the TM0 mode. Fig 14(b) also shows our results for 1D Ag NW arrays under

TM incident light, where the original plot has been corrected.[80] For Ag NWs, Tsolar = 96%

at normal incidence and remains at 96% at an incidence angle up to 35◦.[80]

Fig. 15(a) shows a contour plot of the transmission spectrum of 2D Cu NW arrays for

different diameters with pitch a = 600 nm. While the TEM mode no longer exists in 2D NW

arrays,[100] enhanced transmission can still occur due to a propagating plasmonic HE11 mode

in the space between the NWs.[99] Below λ = 600 nm, most of the loss is from absorption,

while above λ = 600 nm, the loss is primarily from reflection. Fig. 15(b) shows Tsolar with

the same y-axis as in (a) and the sheet resistance Rs is shown on the right y-axis. The sheet

resistances of 2D Ag NW arrays were calculated from finite element analysis. Tsolar ≈ 90%

at d = 70 nm where Rs = 2.6 Ω/sq.

Fig. 16(a) shows Tsolar, averaged for TE and TM polarization for different 1D NW array

sheet resistances Rs. Tsolar = 90% and Rs = 10 Ω/sq are shown with dashed black lines, since

it is desirable for transparent conductors in thin film solar cells to have both Tsolar ≥ 90%

and Rs ≤ 10 Ω/sq.[3] Different diameter NWs are represented by different color markers,

and the pitch is indicated by the size of the marker. The curves show clear trends for solar
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Figure 13: Transmission characteristics of Cu NW arrays for TM-incident light for a = 600

nm. (a) Contour plot of T as a function of wavelength and NW diameter d. (b) Tsolar over

the wavelength range shown with the same y-axis as in (a) and the sheet resistance Rs shown

in the right y-axis. (c) Real part of Hz at λ = 589 nm for (i) 50 and (ii) 200 nm diameter

Cu NWs. (d) Re(Hz) at λ = 300 nm for (i) 50 and (ii) 200 nm diameter Cu NWs.
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Figure 14: Angular-dependence of Ag NW arrays transmission for TM-incident light for

a = 600 nm and d = 80 nm. (a) Contour plot of T as a function of wavelength and incident

angle θ. (b) Tsolar over the wavelength range with the same y-axis as in (a). Our corrected

Ag NWNW results are also shown for comparison.[80]

Figure 15: Transmission characteristics of 2D Cu NW arrays with a = 600 nm. (a) Contour

plot of T as a function of wavelength and NW diameter d. (b) Tsolar over the wavelength

range shown with the sheet resistance Rs shown in the right y-axis.
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transmission as a function of diameter d and pitch a. For the same Rs, NW arrays with

larger diameter at the appropriate pitch have higher Tsolar. This is because Rs decreases with

1/d2 while transmission decreases approximately proportional to d. NW arrays are superior

to thin films as they can achiever higher Tsolar for the same Rs. While Cu thin films are

unable to achieve both Tsolar ≥ 90% and Rs ≤ 10 Ω/sq, Cu NW arrays may satisfy both

conditions across a range of diameters and pitches.

To further compare the performance of different Cu NW array geometries for transparent

electrodes, we plot in Fig. 16(b) the commonly used figure of merit for transparent electrodes

σDC/σop[90] as a function of Rs, where σDC is the DC conductivity of the material and σop is

the optical conductivity,. Higher values for this figures of merit indicate better performance.

This figure of merit arises from the equation Tsolar =
(

1 + Z0

2Rs

σop
σDC

)−2
, where Z0 = 377 Ω

is the free space impedance. It is demonstrated by this figure of merit that Cu NW arrays

have improved performance over Cu thin films and that larger diameter NWs have better

performance over smaller diameter NWs. In addition, this figure of merit allows for compar-

ison between a wide range of materials and demonstrate that ordered Cu NW arrays have

the potential to exceed what has been currently fabricated experimentally. Random films of

Ag NWs have exhibited σDC/σop of about 500[16] compared to about 0.5 for graphene thin

films[68] and about 30 for random carbon nanotube meshes.[103] Our simulations indicate

σDC/σop > 1000 may be achievable in ordered Cu NW arrays. The results for Cu NW arrays

are comparable to that of Ag NW arrays.[80]

In Fig. 17, we plot (a) Tsolar versus Rs for 2D NW arrays and (b) σDC/σop versus Rs. The

plots are approximately the same as that in Fig. 16, though Tsolar and Rs are both slightly

lower for the same geometry. σDC/σop is also slightly than when using the averaged Tsolar.

In the 2D case, both Tsolar ≥ 90% and Rs ≤ 10 Ω/sq are achievable at the same time. Some

NW configurations also exhibit σDC/σop > 1000.

We further evaluated the performance of Cu/Ni core-shell NWs for transparent elec-

trodes. One of the challenges with the use of Cu for transparent electrodes is that a thin

native oxide layer of about 5 nm forms on the surface upon exposure to the ambient for a

few days. [105] This oxide layer reduces the electrical conductivity and renders less stable

performance. To protect the Cu NWs from being oxidized, Rathmell et al fabricated core-
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Figure 16: (a) Tsolar versus Rs and (b) σDC/σop for 1D Cu NWs with different diameters d.

Tsolar is the average of TE and TM-polarized incident light. The marker size is proportional

to the pitch a of the NW array from 10 to 2000 nm. The pitches shown are from 10 to 100

nm in 10 nm increments, 100 to 1000 nm in 100 nm increments and 2000 nm. a ≥ d.
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Figure 17: (a) Tsolar versus Rs and (b) σDC/σop for 2D Cu NWs with different diameters

d. The marker size is proportional to the pitch a of the NW array from 10 to 2000 nm.

The pitches shown are from 10 to 100 nm in 10 nm increments, 100 to 1000 nm in 100 nm

increments and 2000 nm. a ≥ d.
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shell NWs consisting of a Cu core and Ni shell where the thickness of the Ni coating can be

tuned chemically. [77]

The geometry is shown in the inset of Fig. 18(a) whereD is the total NW diameter, t is the

Ni shell has thickness, and a is the NW pitch as before. The thickness of the Ni coating was

fixed to be 10 nm. The sheet resistance can be expressed as Rs = 4ρCuρNia
π{ρNi(D−2t)2+ρCu[D2−(D−2t)2]} .

The bulk resistivity for Ni is ρNi = 6.93 × 10−8 Ω·m, which is more than four times larger

than the bulk resistivity of Cu.[97]

Fig. 18 shows (a) Tsolar versus Rs for and (b) σDC/σop versus Rs for the 1D Cu/Ni core-

shell NW arrays. Tsolar is averaged for TE and TM polarization. In comparison with the

1D Cu NW arrays in Fig. 16, the core-shell NW arrays have higher sheet resistance due to

the Ni shell. This is especially pronounced in the smaller diameter core-shell NWs, where

the shell is a larger fraction of the cross-sectional area. However, the transmission is about

the same, since the transmission is mostly independent of the metal as discussed above. For

D = 40 nm, t = 10 nm, and a = 400 nm, Tsolar = 90% and Rs = 12 Ω/sq. For Cu NW

arrays with d = 40 nm and a = 400 nm, Tsolar = 96% and Rs = 5.3 Ω/sq. For Ag NW arrays

of the same geometry, Tsolar = 97% and Rs = 5.0 Ω/sq.[80] For D = 100 nm, t = 10 nm, and

a = 1000 nm, Tsolar = 90% and Rs = 2.9 Ω/sq. For Cu NW arrays with d = 100 nm and

a = 1000 nm, Tsolar = 91% and Rs = 2.1 Ω/sq. In contrast, for Ag NW arrays of the same

geometry, Tsolar = 92% and Rs = 2.0 Ω/sq.[80] Based on these results, the benefits of using

Ni as an anti-oxidation coating can be seen in larger diameter NWs where performance is

not sacrificed much.

3.2.3 Conclusions

We have performed simulations of 1D and 2D Cu NW arrays and compared their transmission

and sheet resistance to that of Cu films and our recent Ag NW array results. Cu NW arrays

exhibits enhanced transmission due to propagating modes between the NW arrays. These

modes are independent of the metal, and thus, the solar transmission is approximately the

same regardless of the metal for the same geometry. The Cu resistivity is also about the

same as that of Ag, such that about the same sheet resistances are achievable. We also
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Figure 18: (a) Tsolar versus Rs and (b) σDC/σop for 1D Ni Cu/Ni core-shell NWs with different

total diameters D. The thickness of Ni coating t is 10 nm. The marker size is proportional

to the pitch a of the NW array from 20 to 2000 nm. The pitches shown are from 20 to

100 nm in 10 nm increments, 100 to 1000 nm in 100 nm increments and 2000 nm. a ≥ D.

D = 20 nm indicates a Ni NW array with diameter of 20 nm (or 2t).
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investigated 1D Cu/Ni core-shell NW arrays as a system to address oxidation issues of Cu.

The Ni shell degrades the sheet resistance, particularly in smaller NW arrays, but do not

affect the transmission substantially.
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4.0 COPPER NANOMESH FOR TRANSPARENT CONDUCTORS

As studied in the previous chapter, Ag NW films fabricated by solution-based methods have

demonstrated superior optical transmission and sheet resistance compared to ITO films.[14,

16, 63] However, the abundance of Ag in the Earth’s crust is comparable to that of In, and

the price of Ag and In have been about the same over the past several years.

Cu is far more abundant than In and Ag, and its price is about two orders of magnitude

lower[106]. Printable random Cu NW networks have been fabricated and have shown im-

pressive optoelectronic properties comparable to ITO.[76, 77, 107] However, random Cu NW

networks have several fabrication and performance disadvantages. The synthesis of printable

metal NW solutions requires sophisticated solution processing to obtain high aspect ratio

NWs.[63] Distinct chemistries must be utilized for synthesizing different metals. Percolation

may also be a serious problem in these random structures. The density of the NWs must

be above the percolation threshold to form a connected current pathway.[108] However, to

achieve high transparency, the networks should be sparse, resulting in poor connectivity and

high resistivity such that some nanomaterials are unusable for transparent electrodes. This

is especially a problem at the contacts between NWs, where there is high contact resistance,

and for Cu, which has a tendency to oxidize. As reported, random NW networks have been

shown to fail from ohmic heating in short times.[109] The growth of long wires,[14] mechan-

ical pressing,[14] plasmonic welding,[110] and surface passivation[77] have been alternatively

proposed as means to reduce junction resistance. Recently, electrospun nanotroughs have

been reported with transparencies of about 90% at 2 Ω/square[12] and random Au NMs

prepared by grain boundary lithography have demonstrated 82.5% transmission at about

20 Ω/square.[79] However, these structures, like random NW networks, lack uniformity and

ordering.
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The ability to carefully control morphology with high uniformity and ordering are ben-

eficial for many transparent conductor optoelectronic applications, but approaches such as

electron beam lithography[111] are not scalable. Nanoimprint lithography has been demon-

strated for fabricating metal gratings with high resolution and high throughput.[112] How-

ever, scalability is a challenge for this methodology since large contact areas between the

mold and the imprinted nanostructures can result in sticking issues and pattern fidelity is

poor over large areas since the polymer chains in the materials tend to elastically relax .[113]

The nanoimprint mold must be patterned by unscalable methods such as electron beam

lithography or focused ion beam, and the mold tends to wear with usage. Nanoimprint

lithography is also unsuitable for directly fabricating nanostructures on flexible substrates

due to the high pressure and temperatures required. While transfer printing methods have

been adapted for these purposes,[114] it would nevertheless be advantageous to directly fab-

ricate the transparent electrode onto the device. These imprinted Cu structures also have

not performed as well as ITO as discussed below in Figure 19.

In this chapter, we propose both a simulation and experimental investigation of Cu NMs

as TC material. The Cu NM consists of holes arranged in a hexagonal lattice in a Cu

thin film. We perform electrodynamic simulations and transport simulations to show that

Cu NMs may achieve higher optical transmission than ITO films at the same sheet resis-

tance. We also demonstrate a low-cost approach for fabricating metal NMs by microsphere

lithography, which is a fast and scalable method compatible with well-established wafer-scale

photolithography processes.[115, 116] NMs may be fabricated over large areas with precise

control over morphology and with high uniformity and order. The as-prepared transparent

conductors should have a more uniform resistance and optical properties on the microscale

compared with random networks of NWs. The NMs also have less hazy appearance due to

reduced light scattering. Our methodology is versatile in that it may be used to fabricate

NMs of any metal that may be deposited through standard evaporation processes. Metal

NMs may be fabricated on both rigid or flexible substrates and the morphology may be

carefully controlled for various plasmonic applications such as optical filters or sensors, or

the formation of ohmic or Schottky barrier contacts for different optoelectronic devices. We

demonstrate the fabrication of Cu NMs directly on both rigid quartz and flexible PET sub-
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strates and determine that they have comparable performance to ITO films when fabricated

on quartz, and slightly poorer performance on PET. In addition, we performed durabil-

ity experiments to assess the performance of Cu NMs under various bending, heating, and

abrasion conditions.

4.1 RESULTS AND DISCUSSION

Figure 19 plots the relationship between transmission and sheet resistance for a variety of

transparent conductors. Our simulation data for Cu NMs is plot with red circles, and our

experimental data on quartz and PET substrates is plot with blue squares and green dia-

monds respectively. Our transmission data is plot at the wavelength λ = 550 nm, which is

near the middle of the visible spectrum. The effect of the substrates has been excluded. For

comparison purposes, we plot simulation data for ITO thin films,[63] as well as the best ex-

perimental data in the literature for several alternative transparent conductors: electrospun

Cu nanotroughs[12] and nanofibers,[117], nanoimprinted Cu gratings,[112] solution-coated

random Cu NW networks,[76] solution-processed random Ag NW networks,[63] random Au

NMs by boundary lithography,[79] dip-coated solution-processed double walled carbon nan-

otubes (DWNT) films,[51] and roll-to-roll synthesized and transferred graphene.[13]

The data shown for the random Ag NW networks[63] is the weighted average of the

spectral transmission with the AM1.5 global photon flux over the wavelength range λ = 400

to 800 nm, and the data for the nanimprinted Cu gratings[112] is the average transmittance

over the wavelength range λ = 400 to 800 nm. The rest of the data are shown for λ = 550

nm. Our simulation data predicts that Cu NMs may be more transmissive than ITO films

for the same sheet resistance. Our experimental data demonstrates that Cu NMs fabricated

on quartz substrates exhibit comparable performance to ITO films. More details about the

simulations and experiments and differences in the results between the two will be discussed

later in the text.

Figure 20 shows our simulation results. Figure 20(a) shows the schematic for the Cu NMs

studied in simulations. The Cu NMs consist of a Cu thin film with holes in a hexagonal
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Figure 19: Transmission versus sheet resistance for various transparent conductors. Our Cu

NM data is shown for simulations (red circles) and experimentally on quartz (blue squares)

and PET (green diamonds) substrates at λ = 550 nm. The best data that the authors are

aware of for ITO thin films[63], periodically perforated Cu gratings[112], Cu NWs[76], electro-

spun Cu nanotroughs[12], electrospun Cu nanofibers[117], Ag NWs[63], random Au NMs by

boundary lithography[79], double walled carbon nanotubes (DWNTs)[51], and graphene[13]

are also shown.

44



array. The primitive lattice vectors are ~a1 = (a, 0) and ~a2 = (a
2
,
√
3
2
a) with |~a1| = |~a2| = a

and ϕ = 60◦. The morphology of Cu NMs are defined by the thickness of the Cu t, the

pitch of the hexagonal array a, and the minimum width of the metal w between holes. The

NM width is w = a − d, where d is the diameter of the holes. The transmission and sheet

resistance of metal NMs is anisotropic, but invariant under 60◦ rotational transformations.

We used finite difference time domain simulations to obtain the transmission spectra and

finite element method simulations to determine the sheet resistances of these structures. The

optical simulations utilized the refractive index for Cu from CRC Handbook of Chemistry

and Physics [97] and the transport simulations assumed the Cu resistivity in the NMs is the

bulk resistivity (ρCu = 1.68× 10−8 Ω·m).

For comparing different structures, we utilized the angle averaged transmission T =

1
2
(Txx + Tyy) and angle averaged sheet resistance Rs = 1

2
(Rs,xx + Rs,yy) where Txx and Tyy

are the transmission for light polarized in the x- and y-directions respectively, and Rs,xx and

Rs,yy are the sheet resistances in the x- and y-direction. NMs exhibit a six-fold symmetry

and our simulations indicated very little dependence of transmission on polarization and

sheet resistance on transport direction. Figure 20(b) shows a contour plot of the optical

transmission for Cu NMs as a function of w between 50 and 120 nm and wavelength between

400 nm and 1000 nm. The pitch a = 1300 nm and the thickness t = 20 nm. The simulated

angle averaged sheet resistances are shown on the right y-axis. The angle averaged sheet

resistances range from Rs = 6.0 Ω/sq for w = 120 nm to Rs = 11.5 Ω/sq for w = 50 nm.

While other work has demonstrated extraordinary transmission for sub-wavelength holes

at particular wavelengths due to surface plasmon modes[118] and propagating plasmonic

modes,[119] the NMs in this work contain apertures with sizes greater than the wavelengths

of interest, such that there is broadband transmission close to unity. The transmission spectra

is primarily due to the excitation of propagating modes in the NM holes. Cylindrical holes

in a perfect metal support propagating modes at wavelengths λ . 2d,[118] which covers

the entire spectrum studied, since the smallest hole diameter studied was d = 1180 nm

where w = 120 nm. A broadband transmission over 80% is achievable for Rs ≤ 10 Ω/sq. In

addition, surface waves are resonantly excited by the NMs when ~kspp(λmn) = ~kin,x+m~b1+n~b2

where ~kspp = 2π
λ

√
ε
ε+1

is the wave vector of the surface plasmon polariton, ~kin,x is the in-plane
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component of the incident wave vector, ε is the permittivity of the Cu, and m and n are

integers. The reciprocal lattice basis vectors are ~b1 =
(

2π
a
,−2

√
3π

3a

)
and ~b2 =

(
0, 4
√
3π

3a

)
. For

normal incidence light, SPPs are excited when |~kspp(λmn)| = 2π
a

√
4
3
(m2 + n2 −mn). The

lowered transparency at 650 nm is due to Fano interference between the two transmission

pathways of propagating modes and the (2, 1), (1, 2), or (1,−1) SPP at λ = 670 nm.[102]

The dashed black line indicates the wavelength λ = 550 nm where the transmission was

plotted in Figure 19. Figure 20(c) shows the electric field intensity at λ = 550 nm in the x-z

plane passing though the center of the hole for a NM with a = 1300 nm, w = 100 nm, and

t = 20 nm (indicated in Figure 20b with a black circle). The electric field intensity is shown

for both light polarized in the (i) x-direction and the (ii) y-direction. The electromagnetic

field pattern demonstrates the propagating mode in the holes between the metal, which

leads to high transmission. The diameter of the holes d = 1200 nm is much larger than

the wavelength λ = 550 nm such that the transmission is close to 100%. The transmission

Txx = 84.8% and Tyy = 84.9%, while the sheet resistance Rs,xx = Rs,yy = 7.0 Ω/sq. The

transmission of the NM is higher than the geometric aperture, which is 2π(d/2)2√
3a2

= 77.3%.

The loss at this wavelength is primarily due to absorption of the metal.

To demonstrate the potential of Cu NMs as a transparent electrode, we developed a

large-area, low-cost method to fabricate Cu NMs directly on both rigid quartz and flexible

PET substrates. Figure 21(a) shows a schematic of the microsphere lithography approach for

fabricating Cu NMs. The microsphere lithography approach was adapted from nanosphere

lithography methods that combine an air/water interface self-assembly technique with a

solvent-vapor-annealing method.[120–122] Close-packed hexagonal polystyrene (PS) micro-

spheres were obtained at the air/water interface in a 4” Petri dish using a self-assembly

technique. The area of well-patterned PS microspheres can be scaled up by increasing the

size of the container for industrial scale manufacturing. Wire-wound rod coating methods

may also be adaptable for this purpose.[123] The patterned microspheres were then trans-

ferred to solid substrates dried in air at room temperature. Reactive ion etching (RIE) with

oxygen was used to reduce the diameter of the PS microspheres. Cu was then deposited

directly onto the PS microsphere patterned substrate with an evaporator at pressures of

about 10−8 Torr. Finally, the PS microspheres were lifted off by ultrasonication to form Cu
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Figure 20: Simulation results. (a) Schematic of Cu NMs simulated, where the morphology

consists of a hexagonal array of holes in a metal thin film, where a is the pitch, t is the

thickness, and w is the metal width. (b) Contour plot of angle averaged transmission for

various w with a = 1300 nm and t = 20 nm as a function of wavelength. The calculated

sheet resistance, which depends on w, is shown on the right axis of the plot. The dashed

black line indicates λ = 550 nm, which was used in Figure 19.

(c) Electric field intensity |E|2 at λ = 550 mn for incident light polarized in the (i) x- and

(ii) y-direction for w = 100 nm, which is indicated by the black circle in (b). The edges of

the NM cross section are indicated with white lines.
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NMs. No chemical process was involved in the metal-coating step, thus reducing the cost of

reactant. Please refer to Supporting Information for details. This fabrication process may be

easily modified for other evaporated metals depending on the particular application. Specific

control over metal pitch a, thickness t, and width w may be accomplished through the self

assembly of different diameter microspheres or nanospheres,[122] different etching times, and

different evaporation times. Figure 21(b) shows representative scanning electron microscope

(SEM) images of a Cu NM with a = 1300 nm, w = 150 nm, and t = 40 nm fabricated on

a rigid quartz substrate. The high uniformity and long-range order of the NM is apparent

in the images, where these qualities address the percolation and contact resistance issues of

random NW networks or disordered structures. Figure 21(c) shows an optical image of a Cu

NM on a flexible PET substrate about 40 cm2. The figure also shows SEM images of the

Cu NM at four different locations, where the NM exhibits more nonuniformities and defects

in the lattice on the PET substrate compared to quartz. This is because the assembled

microsphere monolayer has more lattice dislocations and defects due to deformation of the

PET substrate during self-assembly from its low elasticity. The transparent conductor looks

uniform and clear, without the appearance of Moiré fringes.

The optical transmittance of the Cu NMs was measured using an integrating sphere.

Samples with various morphologies involving different w and t were fabricated and the diffuse

transmission at λ = 550 nm was plotted as a function of sheet resistance in Figure 30. The

NMs on rigid quartz exhibit higher transmission at a particular sheet resistance than the

NMs on the PET substrates due to the better uniformity and ordering of the microspheres

during self-assembly. The NMs on quartz achieve 80% transmission with a sheet resistance of

17 Ω/sq, which is comparable to ITO thin films. On PET, the NMs achieve 80% transmission

with a sheet resistance of 60.5 Ω/sq and their performance is generally worse than that on

quartz.

Figure 22(a) plots both the simulated and experimentally measured (on quartz) diffuse

transmission spectrum for a Cu NM with a = 1300 nm, w = 70 nm, and t = 15 nm.

The simulation results represent an averaged result for x- and y-polarized incident light as

discussed before. The simulated and experimentally transmission spectra are fairly close to

each other, where the slight differences can be accounted for by statistical variations and
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Figure 21: (a) Schematic of the Cu NM fabrication process. (b) SEM images of fabricated Cu

NM with a = 1300 nm, w = 150 nm, and t = 40 nm on a rigid substrate. (c) Optical image

of a Cu NM fabricated directly on a flexible polyethylene terephthalate (PET) substrate.

SEM images show the Cu NM at four various locations.
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imperfections in the fabricated structure. The averaged simulated sheet resistance for this

NM is 12.1 Ω/sq, with Rs,xx = Rs,yy = 12.1 Ω/sq, while the measured sheet resistance was

20.6 Ω/sq. The NM simulations do not consider surface or grain boundary scattering, and

thus predict lower sheet resistances than those measured.

Figure 22(b) shows the simulated diffuse transmission, specular transmission, and ab-

sorption versus sheet resistance for Cu NMs with different sheet resistance. The specular

transmission was determined from the fraction of power transmitted into the (0, 0) diffrac-

tion mode and the diffuse transmission was determined from the total transmitted power.

See the Supporting Information for details. The average difference between the simulated

diffuse and specular transmission is about 2% and the difference increases for samples with

larger sheet resistance.

Figure 22(c) shows the experimentally measured diffuse transmission, specular transmis-

sion, and absorption versus sheet resistance for various Cu NMs on PET. For Cu NMs on

quartz substrates, the average difference between diffuse and specular transmission is about

4%, which is lower than random Ag NW films which have a difference of about 10%.[14] Less

scattering makes the electrode appear less hazy and should be advantageous for applications

such as displays. By comparing Fig. 22(b) and (c), we notice that simulations overestimate

the transmission since the fabricated samples are not perfectly ideal, and the simulated sheet

resistance are also lower than the experimental values because bulk resistivity was assumed,

which does not consider electron scattering from the grain boundaries and surfaces.

Figure 23 shows the results of various durability tests to evaluate the robustness of the

Cu NMs. Fig. 23(a) shows the variation in the sheet resistance of two Cu NMs on PET

substrates after both bending in compression and tension. The Cu NM for both bending

tests has a geometry of t = 20 nm, a = 1300 nm, and w = 100 nm. The original sheet

resistance of the samples prepared for the tension and compression tests are 22.5 Ω/sq and

21.4 Ω/sq respectively. After 150 cycles of bending, the sheet resistance for the samples are

27.2 Ω/sq and 22.6 Ω/sq, demonstrating good durability under bending. Fig. 23(b) shows

the change in sheet resistance of a Cu NM on quartz substrates after the heating test. The

geometry of the Cu NM is t = 15 nm, a = 1300 nm, and w = 120 nm. The sheet resistance

of the sample changed from 16.6 to 20.0 Ω/sq after six days of continuous heating on a
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Figure 22: (a) Transmission spectrum for Cu NM with a = 1300 nm, w = 70 nm, and t =

15 nm obtained by simulation and experiment. (b) Plot of simulated diffuse transmission,

specular transmission, reflection, and absorption versus sheet resistance for Cu NMs with

various geometry at λ = 550 nm. (c) Plot of experimental diffuse transmission, specular

transmission, reflection, and absorption versus sheet resistance for a variety of Cu NMs on

quartz at λ = 550 nm.
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Figure 23: Durability tests for Cu NM on PET substrate. (a) Sheet resistance versus number

of bends for Cu NM on PET. The bending curvature is 0.5 inch. (b) Sheet resistance versus

heating time for Cu NM heated at 65◦C in air. (c) Sheet resistance versus number of tape

tests for Cu NM on PET substrate. Error bars correspond to the standard deviation of four

measurements.
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hot plate at 65◦C. Cu in particular is prone to oxidation and alloying or passivation of the

sample may help reduce sheet resistance degradation, especially at higher temperatures.[124]

Fig. 23(c) shows the results of tape tests where Scotch® tape was pressed onto the NMs

with finger pressure and then pulled off to assess the attachment of the Cu NM to the PET

substrate. The geometry of the Cu NM is t = 15 nm, a = 1300 nm, and w = 120 nm. The

sheet resistance of the sample only rose from 34.4 Ω/sq to 34.8 Ω/sq after ten cycles of tape

tests.

4.2 CONCLUSIONS

In conclusion, we reported both simulations and experiments of Cu NMs. We investigated

their transparency and sheet resistance and evaluated the potential of these structures as

transparent conductors. Simulated Cu NMs demonstrate the role of propagating modes in

transmission and thickness-dependent resistivity transport simulations compare reasonably

to experimental results. We demonstrate a scalable method to fabricate Cu NMs on both

rigid quartz substrates and flexible PET substrates. The samples on quartz substrates

demonstrate good uniformity and order, with performance comparable to ITO, while the

PET substrates have slightly poorer performance due to disorder and defects in the NM

lattice. Durability tests demonstrate that the NMs are not affected significantly to bending,

heating, and abrasion. Future studies may focus on larger pitches, which should offer better

transparencies at a given sheet resistance.[80, 81] The morphology of these NMs may also

be varied for narrowband transmission or filtering for other optoelectronic applications.
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5.0 HIERARCHICAL TRANSPARENT CONDUCTOR MATERIALS

The idea of developing a variety of nanoscale materials for TCs, such as metal NW net-

works and metal NMs, can be considered as using highly transparent material, i.e. air,

to modulate the transparency of inherently conductive materials. Nevertheless, tuning the

transparency of a conductive material using air is a relatively passive strategy. In this section,

we study the design principles and the fabrication methods of hierarchical materials, which

are a combination of microscale and nanoscale materials, for improved TC transparency,

electrical conductivity, and better carrier delivery or collecting ability. We propose to inves-

tigate the performance of hierarchical graphene/metal grid structure and hierarchical metal

NM/microgrid (MG) structures in this chapter.

5.1 HIERARCHICAL GRAPHENE/METAL GRID STRUCTURES

There has been much interest in carbon nanostructured materials, such as random carbon

nanotube networks[125–128] and graphene,[13, 129] as a potential substitute for ITO. We

have reviewed carbon-based materials for TCs in the Introduction chapter. However, carbon

nanotubes are very expensive and they suffer from high tube-tube resistance such that their

performance has yet to exceed ITO. Graphene films (ranging from monolayer graphene to

ultrathin graphite) have recently emerged as a promising transparent electrode material due

to its high carrier mobility and high transparency when thin.[66, 67] However, theoretical es-

timates of single crystalline graphene films suggest that the highest achievable figure of merit

is σDC/σop = 11 or Rs = 317 Ω/sq at T = 90%.[130] This performance is worse than even the

minimum performance needs of transparent conductors in industry, which are σDC/σop = 35
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or Rs = 100 Ω/sq at T = 90%.[130] Experimentally fabricated graphene typically suffers

from much higher sheet resistance than the theoretical limit due to imperfections in the 2D

structure, such as grain boundaries, lattice defects, and oxidative traps. Graphene produced

by scalable production methods, such as chemical vapor deposition (CVD) and epitaxial

growth, usually has a sheet resistance of hundreds of Ω/sq at around 80% transmission for

the wavelength 550 nm.[131] Graphene has high sheet resistance because its intrinsic carrier

concentration is low. The intrinsic carrier concentration is only about 9 × 1010 cm−2 at

room temperature (or 300 K)[132] or about 1011 to 1012 cm−2 with unintentional or sur-

face adsorbate doping.[133] Theoretical calculations have suggested that higher values of

σDC/σop = 330 or Rs = 11 Ω/sq at T = 90% may be achievable by doping.[130] However,

highly doped graphene still falls short of typical industry needs of σDC/σop = 350 or Rs = 10

Ω/sq at T = 90%.[130]

In this section, we propose to demonstrate that single-layered graphene may be integrated

with microscale metal grids to form hierarchical graphene/metal grid structures that have

significantly improved performance over graphene thin films or metal grid structures by

themselves. The hierarchical structure exhibits σDC/σOp as high as 8900 and 94% diffusive

transmission at 0.6 Ω/sq. In contrast, the single layer of graphene has σDC/σOp = 12 and

97% diffusive transmission at 1000 Ω/sq. The sheet resistance may be decreased by over 3

orders of magnitude with only a slight decrease in transmission. The hierarchical structures

demonstrate uniform conductivity over large areas and local current conductivity due to the

graphene. The fabrication process, consisting of graphene deposition and transfer and metal

photolithography patterning, has the potential for continuous and scalable manufacturing.

Thermal and bending tests also demonstrate the improved durability of the hierarchical

structures compared to microscale metal grids as the graphene limits oxidation and enhances

the adhesion of the metal to the substrate.

5.1.1 Results and Discussion

Figure 24(a) shows a schematic of the hierarchical graphene/metal grid structure. The

graphene is produced on copper foils by CVD[134] and transferred onto a hexagonal mi-
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Figure 24: (a) Schematic of the hierarchical graphene/metal grid transparent conductor,

where the structure consists of a single-layer graphene sheet fabricated by CVD and trans-

ferred on a hexagonal metal grid with pitch a, grid width w, and thickness t. (b) SEM image

for the edge of a graphene sheet on microscale silver (Ag) grid with a = 300 µm, w = 10

µm, and t = 1 µm on a rigid quartz substrate. The dark part on the bottom is where there

is a graphene sheet. (c) Optical image of graphene/microscale Ag grid on quartz substrate.
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croscale silver (Ag) grid using poly(methyl methacrylate) (PMMA). The microscale Ag grids

are fabricated using photolithography and e-beam evaporation. The morphology of the mi-

croscale grid is defined by the pitch of the hexagonal array a and the width w and thickness

t of the metal. The microscale metal grids by themselves may exhibit over 90% transmission

at less than 0.5 Ω/sq sheet resistance.[80, 81] However, they are not a good transparent con-

ductor material per se, because the distance between the metal is hundreds of microns and

this results in the poor local collection or delivery of carriers. Figure 24(b) shows a represen-

tative scanning electron microscope (SEM) image of the hierarchical structure fabricated on

a quartz substrate. For this particular sample, a = 300 µm, w = 10 µm, and t = 1 µm. The

SEM image is taken at the edge of the deposited graphene sheet. There is no graphene in the

upper left of the SEM image; the bright contrast in this area is a result of surface charging

due to poor conductivity in the empty areas between the microscale Ag grids. The lower

right of the SEM image is covered by graphene and therefore shows a much darker contrast.

The graphene sheet can cover the microscale Ag grids conformally without significant cracks

and wrinkles. The hierarchical graphene/Ag grid samples exhibit a uniformly transparent

appearance over an area of about 2 cm × 2 cm as shown in Fig. 24(c). Conductive atomic

force microscopy measurements demonstrate that the hierarchical structures exhibit uniform

localized current conductivity at the microscale. This is in contrast to random networks of

carbon nanotubes or NWs. The high uniformity of localized current conductivity for the

hierarchical structures is desirable for a more uniform appearance in flat panel displays and

better carrier collecting ability in solar cells.

Figure 25(a) plots the relationship between the diffusive transmission and sheet resistance

for a variety of graphene thin films. Our experimental data for the hierarchical graphene/Ag

grid structures is plotted with blue stars. The diffusive and specular transmission of the

samples were measured using a spectrophotometer with and without an integrating sphere

respectively. The diffusive transmission accounts for transmission from all angles, while the

specular transmission only accounts for normal transmission. Our diffusive transmission data

is plotted at the wavelength λ = 550 nm, which is near the middle of the visible spectrum.

The effect of the substrate has been excluded by renormalization. The performance of

the graphene without the Ag grids is shown with green stars. The sheet resistance of the
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Figure 25: (a) Transmission versus sheet resistance for graphene in the literature. The

minimum industry standard, typical industry standard, and theoretical calculation of

highly doped graphene are plotted with lines.[135] Experimental data for chemical vapor

deposited (CVD) graphene,[60, 72, 131, 136–138] roll-to-roll synthesized and transferred

doped graphene (R2R),[13] graphene with gold (Au) nanotroughs citeAn:14 and lithiated

graphene[139] are also shown. (b) Figure of merit of the various graphene compared with

the minimum industry standard and theoretical estimates of doped graphene limit.
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hierarchical structures slightly increased from that of the metal grid due to some oxidation

or corrosion of the metal during the graphene transfer. For example, our Ag grid with a =

200 µm, w = 5 µm, and t = 1 µm exhibited Rs = 0.5 Ω/sq and diffusive transmission of

98%. After graphene transfer, the sheet resistance increased to Rs = 1.2 Ω/sq and diffusive

transmission dropped to 94%.

The minimum and typical transparent conductor requirements are shown with the black

dotted and dash dotted lines, and the theoretical limit for highly doped graphene is shown

with the gray dashed line. For comparison purposes, we plot the best graphene data that

we are aware of in the literature for CVD intrinsic graphene[60, 72, 131, 136–138] and roll-

to-roll synthesized and transferred doped graphene[13] using grey markers. Other graphene

films have also been reported, such as exfoliated graphene,[140] reduced graphene oxide

(rGO),[68, 141] and chemically modified graphene (CMG),[142] though these tend to have

much worse performance with sheet resistances over 1000 Ω/sq. Two structures, graphene

with Au nanotroughs[143] and lithiated graphene,[139] have recently demonstrated perfor-

mances above theoretical limit estimates for doped graphene and are also plotted. Our CVD

single layer of graphene exhibits very high transmission of 97%, but the sheet resistance is

also very high and over 1000 Ω/sq. By integrating the graphene with the Ag microscale

grids, the sheet resistance may be decreased substantially to between 0.6 and 5 Ω/sq. The

transmission decreases only slightly to between 94 to 97%.

Figure 25(b) plots the figure of merit σDC/σop of these transparent conductors ver-

sus sheet resistance. σDC/σop is a commonly used figure of merit (FoM) for transparent

conductors[90], where σDC is the DC conductivity of the material and σop is the optical

conductivity. This FoM can be represented in terms of T and Rs by T =
(

1 + Z0

2Rs

σop
σDC

)−2
,

where Z0 = 377 Ω is the free space impedance. The FoM for the single-layer graphene is

just slightly above 10. The hierarchical structures have significantly performance with FoMs

from 2300 to 8900. These FoMs are above theoretical doped graphene limits and the highest

values in the literature we are aware of for graphene-based structures.

The diffusive transmission spectra for the graphene/Ag grid structures and graphene

films on quartz are plotted in Fig. 26(a). The geometry for the Ag grid in the hierarchical

structures is a = 200 µm, w = 5 µm, and t = 1 µm. The average diffusive transmission across
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Figure 26: (a) Diffusive transmission spectrum for hierarchical graphene/Ag grid and single-

layer graphene on quartz. The sheet resistance is 0.63 Ω/sq for the graphene/Ag grids

sample and 1.0 kΩ/sq for the graphene sample. (b) The diffusive and specular transmission

(at λ = 550 nm) for the graphene/Ag grid and graphene samples as a function of sheet

resistance. The effect of substrate has been excluded.

the visible spectrum for the graphene sample is 96.8% and is 92.5% for the graphene/Ag

grids sample. The incorporation of microscale Ag grids results in about a 4% drop in the

average diffusive transmission of graphene in the range of 400 nm to 700 nm.

Unlike sputtered ITO thin films, which have lower transmission in the long wavelength

range,[144] the transmission spectrum for our hierarchical graphene/Ag grid is almost flat,

which is important for applications such as thin film or organic solar cells. No significant

plasmonic effect is observed in the transmission spectrum because the dimensions of the

Ag features exceed the wavelength interested. The samples have a uniform, transparent

appearance without Moire fringes. Fig. 26(b) demonstrates the diffusive transmission and

specular transmission spectra for the hierarchical samples and graphene control sample at

λ = 550 nm. The hierarchical structures exhibit little scattering of light and very low

haziness. The difference between the diffusive and specular transmission is 1.5% on average.

In contrast, random Ag NW films have demonstrated a difference of about 10%.[14] The low
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scattering and low haziness of the graphene/Ag grid structrues is beneficial for showing clear

images and text in displays.

To evaluate the thermal stability of the hierarchical structures, samples were heated at

300 ◦C on a hot plate and compared to control samples, which only have the microscale Ag

grids on quartz. Two contacts were deposited onto the samples and the resistances of both

sample were monitored.

The geometry of the Ag grids in both samples is t = 0.6 µm, a = 200 µm, and w = 10 µm.

Figure 27 shows the change in resistance of the hierarchical structure and control sample

on quartz substrate with the heating test. After 65 hours of heating, the resistance for the

sample with only microscale Ag grids increased by 83%. Oxidation incurred conductivity

degradation has been previously reported in Ag NW thin films after one hour of heating in

the ambient at 200 ◦C.[63] However, the resistance of the graphene/Ag grid structures only

increased by 11%. Graphene is known for its ability to block gas molecules,[61] and thus,

may limit the Ag oxidation and maintain a more stable performance at elevated temperature.

The resistance for both samples became constant after additional heating past 42 hours. The

graphene should offer additional benefits for copper nanostructures, which are more prone

to oxidation than silver.[7, 145]

To evaluate the durability of the graphene/Ag structures for flexible optoelectronics,

bending tests were performed. Graphene/Ag grid and Ag grid only samples with 100 nm,

500 nm, and 1 µm Ag thicknesses were fabricated on flexible PET substrates. The Ag grids

in the tests have pitch a = 500 µm and width w = 10 µm.

The resistance between two deposited contacts was monitored in the bending test. The

samples were bent around a steel rod with 1 cm diameter. Both compression and tension were

applied by bending by placing the Ag grid side towards the steel rod and away from the steel

rod respectively. Figure 28(a) and (c) show the variation in the resistance of graphene/Ag

grid and Ag grid on PET substrates respectively after both bending in compression and

tension for various metal thicknesses. The 1 µm thick Ag grid (without graphene) data is

not shown in Fig. 28(c), because the Ag grid detached from the substrate after less than 10

bending cycles. The resistance for both graphene/Ag grid and Ag grid increase after bending

and the resistance increases faster for thicker Ag grid due to greater strain on the surface of
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Figure 27: Heating test results for microscale Ag grids and microscale Ag grids/graphene

samples at 300 ◦C.

the Ag grid. A single-layer graphene sheet will protect the Ag grid from bending, especially

for thick Ag grids. For 100 nm thick Ag grids, the resistance increased by 15.1% without

graphene and by 9.5% with graphene after 200 tension bending cycles. For 500 nm thick Ag

grids, the resistance increased by 41.8% without graphene and by 18.2% with graphene after

200 tension bending cycles. Fig. 28(b) and (d) show structures with metal thickness t = 500

nm after 200 tension bending cycles. As can be seen in Fig. 28(b), the hierarchical structures

exhibit increased resistance to cracking and delamination of the metal grids. There is some

metal cracking near the vertices of the hexagons. The structures are mostly intact as the the

graphene strengthens the attachment between the Ag grid and PET substrate. In contrast,

as shown in Fig. 28(d), the Ag grids without graphene, exhibit large-scale cracking and

delamination.
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Figure 28: (a) Change in resistance versus number of bends for graphene/Ag grid. (b) SEM

images after 200 tension bending cycles for graphene/Ag grid. (c) Change in resistance

versus number of bends for Ag grid. (d) SEM images after 200 tension bending cycles for Ag

grid. The structures were fabricated on PET film. The bending curvature is 0.5 cm. The

Ag grid is defined by a = 500 µm and width w = 10 µm. t = 500 nm for the grids shown in

(b) and (d).
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5.1.2 Conclusions

In summary, a proof-of-concept graphene/microscale Ag grid transparent conductor was

designed to break the limitation on transmission and resistance of graphene. The transparent

conductor was fabricated on quartz and characterized. Our structures exhibit up to 94%

diffusive transmission at 0.6 Ω/sq, which surpasses the theoretical performance limit of

highly doped graphene thin films. The transparent conductor is stable in ambient air for

prolonged heating at 300 ◦C due to the oxygen blocking property of graphene. A single-

layer graphene will also enhance the adhesion of the metal to the substrate for flexible

optoelectronic applications, as demonstrated by bending tests. In the future, the work can

be extended to the scalable manufacturing of these structures on plastic substrates for flexible

optoelectronic devices.

5.2 HIERARCHICAL METAL NANOMESH/MICROGRID STRUCTURES

Random Ag NW films fabricated by solution-based methods have demonstrated superior

optical transmission and sheet resistance compared to ITO films.[14, 16, 22, 63] However, the

wire-wire junction resistance and percolation effects may be deleterious for random network

TCs.[108] These films also tend to exhibit haze factors ranging from 13% to 33% due to Mie

scattering.[14] Recently, we demonstrated Cu NMs that avoid these performance limitations

because they are uniform, ordered, and junctionless.[7]

Metal NW films with larger NW diameters and pitches tend to have better transparent

conductor performance.[80, 81] However, a large separation between NWs will result in poor

localized conductivity and thus, poor uniform carrier collection or delivery. This is especially

a problem for organic optoelectronic devices, which have short exciton diffusion lengths.[146]

Hierarchical structures may combine the advantages of both localized conductivity in NWs

or NMs and the better transparent conductor performance of larger structures such as a

MG. For example, random Ag NW films have recently been combined with mesoscale wires

(widths from 1 to 5 µm) to demonstrate T = 92% at Rs = 0.36 Ω/sq or σDC/σop over
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12000.[147] However, these structures suffer from some of the same contact resistance issues

of random NW films and for example, must be annealed at 200 ◦C for 40 minutes to fuse the

different length scale wires. The randomness of the structure may also result in less uniform

sheet resistance and optical properties over micron length scales. We have also recently

demonstrated a hierarchical structure that integrates graphene with a metal grid to achieve

T = 94% at Rs = 0.6 Ω/sq or σDC/σop of almost 9000.[8]

I conducted both simulations and experiments to investigate the performance of hier-

archical Ag NM/Ag MG structures as transparent conducting electrodes. The hierarchical

structure exhibits diffusive transmission T = 83% at Rs = 0.7 Ω/sq or σDC/σop = 2900 when

fabricated on a quartz substrate and T = 81% at Rs = 0.7 Ω/sq or σDC/σop = 2300 when

fabricated on a polyethylene terephthalate (PET) substrate. In contrast, Ag NMs fabricated

on quartz exhibit T = 83% at Rs = 13 Ω/sq or σDC/σop = 140. The sheet resistance of

the NM may be decreased by over an order of magnitude with only a slight decrease in

transmission by integration with the MG.

The hierarchical structures also exhibit more uniform resistance and optical properties

on the microscale compared with random networks of NWs. In addition, we performed

durability experiments to assess the performance of the Ag NM/MG under various bending,

heating, and abrasion conditions.

5.2.1 Results and Discussion

Figure 29(a), (b) show the schematic and representative scanning electron microscope (SEM)

images of the hierarchical NM/MG structure. The Ag NM consists of a hexagonal array of

holes in Ag thin film. The primitive lattice vectors are ~a1 and ~a2 with |~a1| = |~a2| = aNM ,

as shown in Figure 29(a). The NM is fabricated using a microsphere lithography approach,

which we have previously reported for Cu.[7]

Specific control over the various NM geometric parameters, pitch aNM , thickness tNM ,

and width wNM , may be accomplished through the self assembly of different diameter mi-

crospheres or nanospheres,[148] different etching time, and different metal evaporation time.

The geometric parameters for the MG include the pitch aMG, width wMG, and thickness
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Figure 29: (a) Schematic of the hierarchical Ag NM/MG structure and various geometric

parameters that define its morphology. (b) SEM images of AG NM/MG structure with aNM

= 2000 nm, wNM = 100 nm, tNM = 30 nm, and aMG = 500 µm, wMG = 10 µm, and tMG =

1 µm
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tMG, as shown in Figure 29(a). The Ag MG is fabricated by photolithography with lift-off

metal patterning. Figure 29(b) shows SEM images of the Ag NM/MG structure with aNM

= 2000 nm, wNM = 1900 nm, and tNM = 30 nm, and aMG = 500 µm, wMG = 10 µm, and

tMG = 1 µm. The high uniformity and long-range order of the structure is apparent in the

images, where these qualities address the percolation and contact resistance issues of random

NW networks or disordered structures.

(a)$ (b)$

Figure 30: (a) Transmission versus sheet resistance for transparent conductors. Our Ag

NM/MG data is shown in shades of blue and NM data is shown in shades of green at λ =

550 nm. Data for Cu NMs on quartz and PET substrates[7] and simulated ITO thin films[63]

is also shown. (b) Figure of merit versus sheet resistance for the same data.

Figure 30(a) plots the relationship between diffusive transmission and sheet resistance

for the hierarchical NM/MG structures along with various other transparent conductors in

the literature. The data for Ag NM/MG structures is plotted with various shades of blue for

simulations and experiments on quartz and PET substrates. Experimentally fabricated Ag

NMs on quartz and PET substrates is plotted with different shades of green. Our transmis-

sion data is plotted at the wavelength λ = 550 nm, which is near the middle of the visible

spectrum. The effect of the substrates has been excluded. For comparison purposes, we

plot simulation data for ITO thin films[63] as well as our previously reported Cu NMs on

quartz and PET substrates.[7] Ag NMs exhibit comparable performance to ITO thin films
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and Cu NMs. The Ag NMs exhibit comparable performance to Cu NMs because the trans-

mission properties at the length scales involved are primarily independent of material and

the resistivity of Ag is only slightly lower than that of Cu.[80, 81] The Ag NMs fabricated

on rigid quartz also performs slightly better than that fabricated on PET due to the better

uniformity and ordering of the structure.[7] The sheet resistance of the Ag NM is between

13 and 21 Ω/sq with about 83% transmission on quartz, and on PET has a sheet resistance

between 16 and 20 Ω/sq with a transmission between 81% and 83%. By integrating the Ag

NM with the MG, the sheet resistance may be decreased substantially by over an order of

magnitude without substantial decrease in transmission. The sheet resistance of the hierar-

chical Ag NM/MG on quartz is between 0.4 and 0.7 Ω/sq with a transmission between 74%

and 83% and on PET is between 0.6 and 0.7 Ω/sq with a transmission between 77% and 81%.

Our data demonstrates that Ag NM/MG samples fabricated on quartz substrates or PET

substrates exhibit superior performance to ITO films. More details about the simulations

and experiments and differences in the results between the two will be discussed later in the

text.

Figure 30(b) plots the figure of merit σDC/σop of these transparent conductors ver-

sus sheet resistance. σDC/σop is a commonly used figure of merit (FoM) for transparent

conductors,[90] where σDC is the dc conductivity of the material and σop is the optical conduc-

tivity. This figure of merit can be represented in terms of T and Rs by T =
(

1 + Z0

2Rs

σop
σDC

)−2
,

where Z0 = 377 Ω is the free space impedance. The Ag NM has a σDC/σop of between 80

and 140. However, typical industry requirements are σDC/σop = 350.[130] By integrating

the NM with the MG, we can improve σDC/σop drastically to over 2000.

Figure 31(a) plots both the simulated and experimentally measured (on quartz) diffusive

transmission spectrum for the hierarchical structure with aNM = 2000 nm, wNM = 100

nm, tNM = 30 nm, aMG = 200 µm, wMG = 5 µm, and tMG = 1 µm. The simulated

and experimental transmission spectra are reasonably close to each other, where the minor

differences can be accounted for by statistical variations and imperfections in the fabricated

structure. The simulated sheet resistance for this geometry is 0.67 Ω/sq while the measured

sheet resistance was 0.70 Ω/sq. The haze factor, defined as T−Tspec
T

, is an important property

for transparent conductors, where T is the diffusive transmission and Tspec is the specular
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Figure 31: (a) Diffusive transmission spectrum for Ag NM/MG with aNM = 2000 nm,

wNM = 100 nm, tNM = 30 nm, aMG = 200 µm, wMG = 5 µm, and tMG = 1 µm obtained by

simulation and experiment. (b) Haze factor as a function of sheet resistance for experimental

and simulated samples with aMG = 500 µm, wMG = 5 µm, tMG = 1 µm, aNM = 2000 nm,

tNM = 20 nm, and various wNM . (c) Diffusive transmission and specular transmission as a

function of sheet resistance at λ = 550 nm for Ag NM/MG with different extends of haziness

using (i) simulation and (ii) experiment.wNM is varied from 200 to 50 nm in simulation to

match the experimental geometry and is labelled accordingly. wNM = 0 corresponds to that

the sheet resistance is only contributed by Ag MG.
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transmission.[149] The haze factor of the hierarchical metal NM/MG transparent conductors

is tunable by changing the geometric parameters and materials. The haze factor is mostly

determined by diffraction and scattering from the NM, because its dimensions are of the

same magnitude as the wavelength of incident light. The MG should have a geometric

shadow because its features are larger than the wavelengths involved. We investigated the

haze factor for Ag NM/MGs with geometric parameters aMG = 500 µm, wMG = 5 µm,

tMG = 1 µm, aNM = 2000 nm, tNM = 20 nm, and various wNM using both simulation and

experiments. Figure 31(c) shows (i) the simulated and (ii) the experimentally measured

diffusive and specular transmission versus sheet resistance for Ag NM/MGs on quartz. In

the simulation, wNM ranges from 50 nm to 200 nm to match the experimental geometry. The

haze factor of experimentally fabricated Ag NM/MGs demonstrate the same overall trends

as the simulated data, but the haze factor is higher than the simulation results, due to

imperfections in the surfaces and crystallinity. The simulated haze factor increases from 8%

to 15% as wNM increases from 50 nm to 200 nm, with Rs decreases from 1.6 to 1.4 Ω/sq. The

haze factor in the fabricated samples increases from 17% to 26%, while Rs decreases from 2.0

to 1.4 Ω/sq correspondingly. The haze factor of the NM/MG can be tuned while maintaining

a low sheet resistance because the overall conductance of the NM/MG is primarily due to

the MG. As the NM width increases, the hole diameter decreases and the Airy pattern from

Fraunhofer diffraction broadens. This results in a higher fraction of photons transmitted at

non-normal angles.

The tunability of haze factor is important for solar cells because a high haze factor is

desirable for increasing the coupling of light into the absorber.

Lastly, various durability tests were performed to evaluate the robustness of the Ag

NM/MG in applications. Figure 32(a) shows the variation in the resistance of two Ag

NM/MG samples on PET substrates after both bending in compression and tension. Two

Au contacts were deposited on the samples using an e-beam evaporator, and the resistance

between the two contacts was monitored after bending. The samples were bent around a steel

rod with 1 cm diameter with the structure toward and away from the rod for compression

and tension tests, respectively. The samples for both bending tests have a geometry of aNM

= 2000 nm, and wNM = 100 nm, tNM = 30 nm, aMG = 500 µm, wMG = 10 µm, and tMG =
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1 µm. The original resistance of the samples prepared for the tension and compression tests

are 4.3 Ω/sq and 4.0 Ω/sq, respectively. After 200 cycles of bending, the sheet resistance

for the samples are 6.1 Ω/sq and 5.3 Ω/sq, corresponding to a 39.5% and 32.5% increase,

respectively. The degradation of the sample is mainly due to the delamination of the Ag

MG from the substrate, as shown in Figure 32(b)(i). The Ag NM, which is more resilient

under bending,[7] is mostly intact after the bending test, as shown in Figure 32(b)(ii). The

flakes on the substrate in Figure 32(b)(ii) are the SiO2 protection layer for PET partially

peeled off from the substrate through the bending test.

Figure 32(c) shows the change in resistance of a Ag NM/MG on PET substrate after

the heating test. The sample has aNM = 2000 nm, wNM = 150 nm, tNM = 30 nm, aMG

= 500 µm, wMG = 10 µm, and tMG = 1 µm. After continuous heating for 168 h on a hot

plate at 65 ◦C, the resistance of the sample changed from 2.0 to 2.7 Ω/sq increasing by 35%.

Ag is prone to oxidation and passivation of the sample may help reduce sheet resistance

degradation, especially at higher temperatures.[150]

5.2.2 Conclusions

In conclusion, we reported both simulations and experiments on hierarchical Ag NM/MG

for transparent conductors. We investigated their transparency and sheet resistance and

evaluated the potential of these structures as transparent conductors. Simulations compare

reasonably to experimental results and can be used to guide the design of the hierarchical

structures. Experimentally, we demonstrate a scalable method to fabricate Ag NM/MG

on both rigid quartz substrates and flexible PET substrates. The samples demonstrate

good uniformity and ordering, with performance superior to ITO. The haze factor of the

hierarchical structure as transparent conductors can be tuned to suit the requirements for

different applications. Durability tests demonstrate that the hierarchical structures are not

significantly sensitive to bending and heating.
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Figure 32: Durability tests for Ag NM/MG on PET substrates. (a) Resistance change versus

number of bends for Ag NM/MG on PET substrates. The bending curvature is 0.5 cm. (b)

SEM image for the sample after bending test. (c) Resistance change versus heating time for

Ag NM/MG on PET substrate heated at 65◦C in air.
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6.0 TRANSPARENT CONDUCTORS IN SOLAR CELLS

In the previous chapters, we systematically studied a variety of TC materials based on

nanoscale and microscale materials and demonstrate colossal FoM. However, Sciacca et al

pointed out that the abuse of FoM may lead to partial evaluation of TC materials and real

devices must be built to compare the performance of TCs.[151] In this chapter, we propose

a functional TC materials for thin film silicon solar cells. As a key component for solar cells,

TCs not only functions as a transparent layer that collects and delivers photogenerated

charge carriers with minimal loss, but act as a good source of light trapping, which is of

paramount importance for thin film solar cells. Nanoscale Ag hemisphere array is first studied

as the preliminary work to understand the light trapping mechanisms by the incorporation

of nanoscale metal structures. Metal NM sandwiches are then investigated as both light

trapping elements and excellent TCs.

6.1 AG HEMISPHERE ARRAYS FOR LIGHT TRAPPING

6.1.1 Schematic and Methodology

Figure 33 shows a schematic of the system we studied. The photoactive region consists of a

c-Si ultrathin film with thickness tSi. A two dimensional (2D) array of Ag hemispheres sits

on top of the silicon thin film. The arrays are defined by the diameter of the hemisphere d

and the pitch a of the square lattice. We investigated c-Si thin films with tSi = 100 nm and

hemispheres with diameter d = 50 to 500 nm and pitches a from 50 to 500 nm, where d ≤ a.

The two parameters were varied in 5 nm increments.
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Figure 33: Schematic of the plasmonic solar cell structure. A square array of hemispheres

of diameter d and pitch a sit on top of a crystalline silicon thin film of thickness tSi on a

perfect back reflector.

We performed electrodynamic simulations by solving Maxwell’s equations using the

finite-difference time-domain (FDTD) method.[152] We used a perfectly matched layer for

the top boundary condition of the simulation supercell and a perfectly reflecting bound-

ary, representing an ideal metal back contact for the bottom boundary condition. The side

boundary conditions of the supercell were set to be antisymmetric and symmetric in the

direction of the electric and magnetic field respectively to model the periodic nature of the

Ag hemispheres. We also utilized a non-uniform simulation mesh with a finer mesh near in-

terfaces and larger mesh in bulk regions. The optical constants for the crystalline Si and Ag

were taken from experimental results in Palik’s Handbook of Optical Constants of Solids.[153]

The position dependent absorption per unit volume A(r, λ) was calculated from the

divergence of the Poynting vector P normalized over the incoming radiation power Pin(λ):

A(r, λ) =
1

2

real{~∇ ·P}
Pin(λ)

=
1

2

εi(λ)ω(λ) |E(r, λ)|2

Pin(λ)
(6.1)

where λ is the free-space wavelength, εi(λ) is the imaginary part of the permittivity, ω(λ) =

2πc/λ is the photon angular frequency, c is the speed of light, and E(r, λ) is the electric field

vector as the function of position and wavelength. The absorption spectra A(λ) of the Si

photoactive region was obtained by integrating the position dependent absorption per unit

volume over the Si volume, A(λ) =
∫
A(r, λ)dVSi. This eliminates any parasitic absorption
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that may occur in the Ag hemispheres that does not contribute to solar efficiency. Likewise,

the parasitic absorption spectra of the metal hemispheres was obtained by integrating the

position dependent absorption per unit volume over the Ag volume, AAg(λ) =
∫
A(r, λ)dVAg.

Assuming that each absorbed photon generates one electron-hole pair, and that all photo-

generated carriers are collected, the short-circuit current density is

Jsc = q

∫ λg

0

I(λ)A(λ)
λ

λg
dλ. (6.2)

λg = 1107 nm is wavelength corresponding to the band gap of c-Si (Eg = 1.12 eV), and I(λ)

is the solar irradiance under the global 37◦ tilt Air Mass 1.5 spectrum.[95]

6.1.2 Results and discussion

Figure 34(a) plots the absorption spectra of a tSi = 100 nm c-Si film on a perfect back

reflector. For thin film systems, FP modes are supported where the resonant wavelengths

are sensitive to thickness. Maxwell’s equations may be solved with appropriate boundary

conditions to determine that FP modes occur for a Si thin film on a perfect conductor when

the following condition is satisfied:

tan(nSiktSi) = −nSii (6.3)

where k is the free space wave number and nSi is the silicon index of refraction. The

FP modes[154] are TEM modes labelled with mode number m as TEMm. The thin film

absorption resonances for m = 2 and 1 at λ = 410 and 550 nm respectively are marked

in Figure 34(a) with white dashed lines. The electric field intensity |E(r, λ)|2 is plot in

Figure 34(b) for the (i) TEM2 and (ii) TEM1 mode. These resonant modes are characterized

by m+ 1/2 half wavelengths in the transverse direction of the planar film, where the electric

field intensity is maximum at the front surface and 0 at the back metal interface. Light

absorption is increased by constructive interference in the Si thin film at these particular

wavelengths.
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Figure 34: (a) Absorption spectra of tSi = 100 nm c-Si film on a perfect back reflector. The

FP modes are marked with white dashed lines and correspond to the TEM2 and TEM1 mode

at λ = 410 and 550 nm respectively. (b) Electric field intensity |E(r, λ)|2 of the (i) TEM2

and (ii) TEM1 modes.

Figure 35(a) plots the absorption in the Si as a function of the pitch a from 170 to 400

nm and the free-space wavelength. Apart from the FP modes of the film, which are again

plot with white dashed lines, introducing Ag hemisphere arrays on the front of the c-Si thin

film allows for the excitation of waveguide modes and plasmons. The TE waveguide modes

for a thin film of Si on a perfect conductor satisfy

kSi cot(kSitSi) = ikx (6.4)

where kSi and kx are the traverse waves in the Si and air respectively, kSi = (n2
Sik

2 − β2)
1/2

and kx = (k2 − β2)
1/2

. β is the propagation constant. The TM modes for a thin film of Si

on a perfect conductor satisfy

ikSi tan(kSitSi) = n2
Sikx. (6.5)

The periodicity of the Ag hemisphere arrays allows light to couple to waveguide modes in

the Si thin film when β = 2π
a

. Equations 6.4 and 6.5 reduce to Equation 6.3 when β = 0.
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The analytical solutions of the TM0, TE0, TM1, and TE1 mode are plot with black dashed

lines in Figure 35(a). As a→∞ and β → 0, the TE0 and TM0 modes converge to the TEM0

mode at λ = 1350 nm and the TE1 and TM1 modes converge to the TEM1 mode at λ = 550

nm. Higher order modes may also be excited at lower wavelengths (higher energies) when

β = 2π
a

1√
n2+p2

, where n and p are integers. The TM0 and TE0 modes are plot for n = 1,

p = 1 as well as for n = 2, p = 0 (or n = 0, p = 2) with gray dashed lines. The simulated

modes are slightly blue shifted compared to the analytical solution due to the presence of

the metal on the front side of the silicon.

Figure 35(b) plots the absorption in the metal hemisphere as a function of the pitch a

from 170 to 400 nm and the free-space wavelength. The FP modes and waveguide modes are

plot with dashed lines as before. Light is efficiently coupled into the FP modes where there

is little absorption in the metal. It can be seen there is a some increased absorption in the

metal when the incoming light is scattered into the waveguide modes. In addition, a pitch-

dependent absorption enhancement in both the Si and the metal hemispheres can be seen

at longer wavelengths in the neighborhood of λ = 1000 nm. This absorption enhancements

corresponds to a localized surface plasmon resonance, based on analysis of the electric field

intensity and its angle-dependence that will be discussed later. The absorption is enhanced

in both the metal and in the Si at this wavelength due to a strong local field enhancement

around the metal hemisphere.

The maximum short circuit current was obtained at a = 245 nm and this is indicated

by the white dash-dotted line in Figure 35(a). The absorption spectra for this pitch is

plot in Figure 35(c) along with the absorption spectra for the Si thin film without the Ag

hemispheres. The short-circuit current for c-Si with the selected Ag hemisphere array is

Jsc = 60.8 mA/cm2, which is a a 21.7% enhancement compared to the bare c-Si thin film,

which has Jsc = 50.0 mA/cm2 The absorption enhancement g(λ) = Ah(λ)/Abare(λ) is plot in

Figure 35(d) where Abare(λ) and Ah(λ) are the absorption spectra of the plain Si and with

the hemispheres respectively. Four enhancement peaks at λ = 620, 680, 750, and 1000 nm

can be seen.

The three resonance modes at λ = 620, 680, and 750 nm correspond to the excitation of

waveguide modes in the c-S and exhibit absorption enhancements of 4.3, 6.5, and 9.9 times
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Figure 35: Absorption in (a) the Si and (b) the Ag hemispheres for a 2D Ag hemisphere array

of diameter d = 170 nm and different pitches a from 170 nm to 400 nm on tSi = 100 nm c-Si

thin film on a perfect back reflector. (c) Absorption as the function of wavelength for 100

nm thick c-Si layer with and without the Ag hemispheres at a = 245 nm (indicated by the

white dash dotted line in a). (d) The absorption enhancement g(λ) due to the hemispheres

as a function of wavelength.
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respectively compared to that of a tSi = 100 nm c-Si thin film. Fig. 36 plots the electric

field intensity |E(r, λ)|2 at λ = (a) 620, (b) 680, and (c) 750 nm. The electric field of the

incident light is in the positive x-direction and the magnetic field in the negative y-direction

in these plots as indicated in the schematic in Fig. 33. The top row in Fig. 36 shows the

electric field intensity through the center of the c-Si at z = 50 nm and the bottom row shows

the electric field intensity through the center of one of the hemispheres along y = 0. The

mode at λ = 620 nm corresponds to a TM0 mode with n = 1 and p = 1. The mode at

λ = 750 nm is also a TM0 mode, but with n = 0 and p = 1 (or n = 1 and p = 0). The

profile of these modes in the z−direction resemble each other, but the mode at λ = 615 nm

has periodicity in both the x− and y− directions, while the mode at λ = 751 nm only has

periodicity in the x−direction. In addition, the mode at λ = 680 nm is a TE0 mode with

n = 0 and p = 1 (or n = 1 and p = 0). This mode has one period in the y−direction. The

metal hemispheres on the front surface of the c-Si film allows light to couple to waveguide

modes in the c-Si film, where the mode energy is concentrated in the Si layer, leading to an

absorption enhancement.
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Figure 36: Electric field intensity profile |E(r, λ)|2 at λ = (a) 620, (b) 680, (c) 750 nm, and

(d) 1000 nm. The top row shows a slice in the x − y plane at z = 50 nm and the bottom

row shows an x− z slice at y = 0. (a) and (c) are TM0 modes, while (b) is a TE0 mode. (d)

is a localized surface plasmon resonance.

The resonance mode at λ = 1000 exhibits an enhancement of about 10 times compared

to that of a tSi = 100 nm c-Si thin film. The electric field intensity at λ = 1000 nm is shown

in Fig. 36(d). This concentration of light inside the Si film is induced by a surface plasmon,

where the electric field intensity decays exponentially into the c-Si layer away from the Ag

and c-Si interface. The parasitic absorption in the metal is significant at this wavelength

and about 76%. This mode shifts to higher wavelengths (lower energies) with increasing

pitch due to the electromagnetic interaction between neighboring hemispheres. We found

that this resonance peak exhibits some pitch dependence for pitches below 500 nm.

Finally, we studied the angle-dependent absorption behavior in the hemisphere array

structures. Fig. 37 plots the angle dependence of the absorption from 0◦ to 35◦ for the

structure with d = 170 nm and a = 245 nm for (a) TE- and (b) TM-polarized incident

light. The fundamental TM0 mode at λ = 750 is only dependent on incidence angle for

TM-incident light, while the fundamental TE0 mode at λ = 680 nm is only dependent on
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incidence angle for TE-incident light. In contrast, the higher order TM0 mode at λ = 620

nm is dependent on incidence angle for both TE- and TM-incidence light since n = 1 and

p = 1. The LSPR is independent of incidence angle for both TE- and TM-incident light.

The short circuit current is shown in Fig. 37 and is almost constant for oblique incident

light. Furthermore, the angle dependence of the short circuit current is similar for TE and

TM-polarized incident light.

Figure 37: Absorption spectra of d = 170 nm, a = 245 nm Ag hemisphere array on tSi = 100

nm thin film on perfect back reflector as a function of wavelength for (a) TE-incident light

and (b) TM-incident light. (c) Short-circuit current density Jsc as a function of incident

angle.

6.1.3 Conclusion

In summary, we investigated the design of 2D Ag hemisphere arrays for plasmonic c-Si

ultrathin film solar cells. Structures with a broad range of parameters were systematically

studied and the best structure with 21.7% integrated enhancement in short-circuit current
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compared to bare c-Si solar cell was observed. Three types of resonance modes: (1) FP, (2)

waveguide, and (3) LSPR are supported by the studied structure. FP modes may be excited

in bare c-Si solar cells, but the introduction of 2D hemisphere arrays introduces waveguide

and LSPR modes that lead to enhanced absorption compared to bare c-Si solar cells. The

resonance modes can be conveniently tuned by varying Ag hemisphere array pitch. We also

studied the angle-dependence of the absorption in these structures and demonstrate how the

absorption resonances shift with incidence angle.

6.2 METAL NANOMESH SANDWICH FOR SOLAR CELLS

We report on numerical investigations of the optical absorption and short-circuit current

densities of ultrathin c-Si solar cells with the incorporation of metal NPs or NMs into the

top and/or bottom of the c-Si. The properties for c-Si thin film with an antireflection

coating (ARC) and/or a flat back reflector as well as an ideal double pass c-Si thin film were

simulated for benchmarking. The results were compared with the properties for ultrathin

c-Si solar cells with metal NPs/NM on either side. We demonstrate that metal NMs may

function as both a plasmonic light trapping element and a transparent top electrode when

deposited on the top side of the ultrathin c-Si film, and as effective back reflector when

placed on the back side. A variety metals, including Ag, Au, Cu, Al, and Ni, have been

used to investigate the plasmonic effects when contacting dielectrics.[155–157] We studied

the effect of nanostructured Al and Ag for ultrathin c-Si solar cells, because Au introduce

states near the middle of the Si band gap that serve as highly effective recombination centers

and Cu diffuses rapidly into c-Si even at room temperature. Our results shed light on the

design principles of these structures for improved c-Si solar cell performance.

6.2.1 Schematic and Methodology

Figure 38(a) illustrates schematics of the four types of systems studied: ultrathin c-Si film

with (i) frontside metal NM/NPs, (ii) backside metal NM, (iii) metal NM sandwich, and
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(iv) metal NM sandwich with antireflection coating. The parameters for the various systems

studied are illustrated in Figure 38(b). The photoactive region consists of an ultrathin c-Si

film with thickness tSi. The metal NMs are metal thin films with holes in a hexagonal array.

The top NM is defined by the pitch atop, hole diameter dtop, and metal thickness ttop. The

bottom NM is defined by the pitch abot, hole diameter dbot, and metal thickness tbot. For

simplicity, we assume the top and bottom pitch are equal, atop = abot = |~a1| = |~a2|. The

thickness of the antireflection coating is tARC , and the x and y component of the off-shift

between the top and bottom NM lattice are denoted by u and v respectively (not shown in

the schematic). As a proof-of-concept, we investigate ultrathin c-Si film with tSi = 300 nm

and metal NMs with pitch atop = abot = a = 200 to 1000 nm, and hole diameter dtop and dbot

= 200 to 1000 nm, where dtop and dbot ≤ a.

Figure 38: Schematics of the plasmonic solar cell structures studied, including (a) ultrathin c-

Si film with (i) frontside metal NM or NPs, (ii) backside metal NM, (iii) metal NM sandwich,

and (iv) metal NM sandwich with antireflection coating and backside metal. (b) Parameters

of the various structures studied.

We performed electrodynamic simulations to determine the optical properties of so-

lar cells by solving Maxwell’s equations using the finite-difference time-domain (FDTD)

method.[91, 152] We used a perfectly matched layer as the top and bottom boundary condi-

tion to truncate the simulation super cell. The side boundary conditions of the supercell were

set to be antisymmetric and symmetric in the direction of the electric and magnetic field
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respectively to model the periodic nature of the metal NMs. We also utilized a non-uniform

simulation mesh with a finer mesh near interfaces and larger mesh in bulk regions. The

optical constants for the c-Si, Ag, and Al were taken from experimental results in Palik’s

Handbook of Optical Constants of Solids [153] and the refractive indices for silicon nitride

were taken from Ref. [158].

The position dependent absorption per unit volume A(r, λ) was calculated from the

divergence of the Poynting vector P:

A(r, λ) =
1

2
real{~∇ ·P} =

1

2
εi(λ)ω(λ) |E(r, λ)|2 (6.6)

where λ is the free-space wavelength, εi(λ) is the imaginary part of the permittivity, ω(λ) =

2πc/λ is the photon angular frequency, c is the speed of light, and E(r, λ) is the electric field

vector as the function of position and wavelength. The absorption spectra A(λ) of the Si

photoactive region was obtained by integrating the position dependent absorption per unit

volume over the Si volume, A(λ) =
∫
A(r, λ)dVSi. This eliminates any parasitic absorption

that may occur in the metal that does not contribute to solar efficiency. Assuming that each

absorbed photon generates one electron-hole pair, and that all photogenerated carriers are

collected, the short-circuit current density is

Jsc = q

∫ λg

0

I(λ)A(λ)
λ

λg
dλ. (6.7)

λg = 1107 nm is the free-space wavelength corresponding to the band gap of c-Si (Eg = 1.12

eV), and I(λ) is the solar irradiance under the global 37◦ tilt Air Mass 1.5 spectrum.[95]. We

use the FDTD method to determine the transmission of the frontside NM as the transparent

electrode, and the finite element method to simulate the sheet resistance Rs by solving the

transport equation. The resistivity of bulk metals is assumed in these simulations. Solar

integrated transmission is calculated from

Tsolar =

∫
b(λ)T (λ)dλ∫
b(λ)dλ

, (6.8)

where b(λ) is the photon flux density under the global 37◦ tilt Air Mass 1.5 spectrum, and

T (λ) is the wavelength dependent optical transmission. To compare different geometries,

we utilize the angle-averaged short-circuit current density Jsc = (Jsc,xx + Jsc,yy)/2, where
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Jsc,xx and Jsc,yy are the short-circuit-current density under illumination polarized in the

x- and y-directions respectively. Similarly, we calculate the angle-averaged sheet resistance

Rs = (Rs,xx+Rs,yy)/2, and angle-averaged transmission Tsolar = (Tsolar,xx+Tsolar,yy)/2, where

Rs,xx and Rs,yy are the sheet resistances measured in the x- and y-direction; Tsolar,xx and

Tsolar,yy are the transmission results under illumination polarized in the x- and y-directions,

respectively.

6.2.2 Results and Discussion

Figure 39: Absorption spectrum for 300-nm-thick bare c-Si, c-Si with 100 nm Si3N4 ARC,

c-Si with Ag back reflector, c-Si with ARC and Ag back reflector, and ideal double pass c-Si.

We first investigated ultrathin c-Si films with various ARC and/or back reflectors. The five

structures selected are bare c-Si film, c-Si thin film with 100-nm-thick Si3N4 as ARC, c-Si with

300-nm-thick Ag back reflector, c-Si with both ARC and Ag back reflector, and ideal double

pass 300-nm-thick c-Si. Fig. 39 shows the absorption spectrum for these scenarios, where

the short-circuit current density Jsc = 6.0, 7.1, 8.6, 9.4, and 11.0 mA/cm2, respectively. The

absorption near the band gap is weak due to the indirect band gap of c-Si, though multiple

peaks are observed in the absorption spectra due to the Fabry-Pérot resonance supported
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by thin film systems. Fabry-Pérot resonances occur for a c-Si thin film on a perfect electric

conductor (PEC) when the following condition is satisfied:

tan(nSiktSi) = −nSii (6.9)

where k is the free space wave number and nSi is the refractive index of c-Si. For a free-

standing thin film, the even modes occur when

cot(nSik
1

2
tSi) = nSii (6.10)

and the odd modes occur at

tan(nSik
1

2
tSi) = −nSii. (6.11)

The analytical solutions in both cases are plotted with dashed blue lines near the x-axis in

Fig. 39. The numerically simulated resonances correspond well to the analytical solution, but

are slightly red-shifted due to numerical error. The smaller the grid size used, the smaller

the offset from the analytical solution. The resonance modes with the Ag back reflector

are red-shifted compared to that with the PEC back reflector because the electromagnetic

field extends slightly into the back Ag back reflector and thus, increases the effective film

thickness slightly. In addition, we show the absorption spectra A(λ) of a double pass c-Si

film

A(λ) = 1− exp[2α(λ)tSi] (6.12)

where α(λ) is the wavelength dependent absorption coefficient of c-Si. The ideal double pass

thin film assumes perfect antireflection at the front surface, R(λ) = 0, and perfect reflection

at the back surface, R(λ) = 1. The photon optical length, the distance a photon travels

in the c-Si, is exactly twice the thickness of the Si. The short-circuit current density is

Jsc = 11.0 mA/cm2 in this case. Table 1 summarizes the short circuit current density results

for these thin film structures.
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Table 1: The short circuit current density Jsc of different ultrathin Si structures.

Structure Jsc (mA/cm2)

Si/ARC 7.1

Si/Ag Back Reflector 8.6

Si/ARC/Ag Back Reflector 9.4

Double Pass Si 11.0

6.2.2.1 Frontside NP/NM optimization The optimization for metal nanostructures

on the top side of bare ultrathin c-Si film with tSi = 300 nm shows that the greatest

enhancement in Jsc is achieved by nanoparticles (NPs). NPs are defined by the condition

dtop = atop, such that the metal structures are not continuous and instead form triangular

NPs. Specifically, Al NPs with dtop = atop = 800 nm and ttop = 200 nm demonstrate the

optimal results. The short-circuit current is Jsc = 9.7 mA/cm2 with Jsc,xx = 11.5 mA/cm2

and Jsc,yy = 7.9 mA/cm2, corresponding to a 36.6% enhancement compared with ultrathin

c-Si film with 100-nm-thick Si3N4 ARC.
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Figure 40: (a) Averaged absorption spectrum for ultrathin c-Si film with ARC and ultrathin

c-Si film with frontside Al NPs. Fabry-Pérot and waveguide modes are plotted with green and

blue dashed lines, respectively, near the x-axis. (b) The enhancement in optical absorption

as a function of wavelength.

The guided TE waveguide modes for a Si thin film satisfy

kSi tan(kSi
1

2
tSi) = kx (6.13)

and

kSi cot(kSi
1

2
tSi) = −kx (6.14)

for even and odd modes, respectively. kSi and kx are the transverse waves in the Si and

air respectively, where kSi = (n2
Sik

2 − β2)
1/2

and kx = (β2 − k2)1/2. β is the propagation

constant. The guided TM waveguide modes for a Si thin film satisfy

kSi tan(kSi
1

2
tSi) = n2

Sikx (6.15)

and

kSi cot(kSi
1

2
tSi) = n2

Sikx (6.16)

for even and odd modes, respectively. Incident light may couple to to the guided modes,

which become quasiguided or leaky,[159] when the propagation constant matches the recip-

rocal lattice constant, β = 4
√
3π

3a

√
p2 − pq + q2, where p and q are integers. Figure 40(a)
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plots the absorption spectra results for the optimized frontside NPs compared with just the

Si thin film. Fig. 40(a) plots the TEM Fabry-Pérot modes and waveguide modes up to |p|

and |q| = 2 with green and blue dashed lines, respectively, near the x-axis. The peak at 674

nm corresponds to a TE waveguide mode where (p, q) = (3,−2), (2,−3), (−2, 3) or (−3, 2)

and the absorption peak at 935 nm is a (3, 3) or (−3,−3) TE waveguide mode. The mode

at λ = 792 nm is a (3,−2), (2,−3), (−2, 3) or (−3, 2) TM waveguide mode. An additional

mode is present at λ = 875 nm which is unaccounted for by this simple waveguide model.

Peaks with over a 10-fold enhancement are observed near the band gap of c-Si as shown in

Fig. 40(b).

Apart from Fabry-Pérot modes and waveguide modes, a localized surface plasmon reso-

nance (LSPR) is excited by the Al NPs at λ = 712 nm. The LSPR will lead to absorption

enhancement in the c-Si thin film with little pitch dependence. Figure 41 shows the electric

field profile at λ = 712 nm, in which the presence of LSPR is evident, demonstrated by a

strong localized field intensity near the vertices of each NP[160].
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Figure 41: Normalized electric field intensity profiles at incident wavelength λ = 712 nm for

(a) c-Si thin film with 100 nm ARC and (b) ultrathin c-Si film with frontside Al NPs. The

cross-sectional view for the structure is shown in (i) the x-z plane at y = 0, and (ii) in the

x-y plane at the Al/c-Si interface. The electric field profiles are the averaged result from

incident light with polarization along x- and y- directions. The dashed white lines indicate

where the c-Si film and Al NPs are located.
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Figure 42: (a) Averaged absorption spectrum for ultrathin c-Si film with ARC and ultrathin

c-Si film with frontside Al NM. (b) The enhancement in optical absorption g(λ) in blue and

the SPP propagation length L at an Al/c-Si interface as a function of wavelength in red.

By constraining dtop < atop, the NPs become continuous NMs that may additionally

function as a transparent conductor. We optimized the NMs and found that the most

enhancement in Jsc is got by Al NM with atop = 800 nm, dtop = 760 nm, and ttop = 100

nm. The short-circuit current is Jsc = 9.6 mA/cm2 with Jsc,xx = 9.6 mA/cm2 and Jsc,yy

= 9.5 mA/cm2, corresponding to a 35.2% enhancement compared with c-Si film with ARC.

The enhancement with NMs is less than that with NPs because there is more top side metal

in these structures and thus more reflection and parasitic absorption. The sheet resistance

averaged over the x− and y− direction is 3.2 Ω/sq at a 83% average solar transmission.

Figure. 42(a) plots Fabry-Pérot modes and quasiguided modes up to |p| and |q| = 2 with

green and blue dashed lines, respectively, near the x-axis. In addition to coupling light to

waveguide modes, the NM may excite SPPs. SPPs may be excited at normal incidence when

the SPP wave vector matches the reciprocal lattice constant

βSPP = k

√
εSiεm
εSi + εm

(6.17)

where εm and εSi are the complex permittivities for metal and dielectric, respectively.[161]

βSPP = 4
√
3π

3a

√
m2 −mn+ n2. Figure 42(a) plots SPP modes with cyan dotted lines near

the x-axis for modes up to |m| and |n| = 3.
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The absorption enhancement is significant for incident light with larger wavelengths. A

peak with over 30-fold enhancement is observed at λ = 1084 nm as shown in Fig. 42(b).

Fig. 42(b) also plots the propagation length L of the SPP wave at an Al/c-Si interface

in red on the right y-axis. SPPs can be excited at the interface separating metal and

dielectric by the interaction between light and metal nanostructures. An SPP wave is lossy

because the wave vector of SPP is greater than that of a freely propagating light at the same

angular frequency ω. The traveling SPP wave at the interface attenuates exponentially with

characteristic propagation length L, given by

L = (2 Im[βSPP ])−1. (6.18)

SPPs decay exponentially perpendicular to the interface. Incident light with longer wave-

lengths excites SPPs with larger propagation length.

Figure 43: Normalized electric field intensity profiles at incident wavelength λ = 1084 nm for

(a) bare ultrathin c-Si film and (b) ultrathin c-Si film with Al NM as transparent electrode.

The cross-sectional view for the structure is shown in (i) the x-z plane at y = 0, (ii) in the y-z

plane at x = 0, and (iii) in the x-y plane at the Al/c-Si interface. The electric field profiles

are the averaged result from incident light with polarization along x- and y- directions. The

dashed white lines indicate where the c-Si film and Al NM are located.

Figure 43 plots the electric field intensity at λ = 1084 nm. Fig. 43(a) plots the electric

field intensity for just the Si thin film. The field pattern at this wavelength is close to

one of the Fabry-Pérot modes (the TEM2 mode at λ = 1059 nm where there is a single
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wavelength in the transverse direction of the planar film). Fig. 43(b) plots the electric field

intensity with the addition of the Al NM on top of the c-Si film in (i) the x-z plane at y

= 0, (ii) in the y-z plane at x = 0, and (iii) in the x-y plane at the Al/c-Si interface. The

electric field intensity plotted is an average for incident light polarized along the x- and

y-directions. An SPP is excited with the presence of Al NM, indicated by the enhanced

electric field intensity spatially confined near the Al/c-Si interface. This corresponds to the

(1,−2), (2,−1), (−1, 2), or (−2, 1) SPP mode. The coupling of incident light and the SPP

results in significant light trapping and absorption enhancement in the c-Si film.

6.2.2.2 Backside NM optimization Next, we evaluate metal NMs as effective back

reflectors for ultrathin c-Si film solar cells. Specifically, we study a solar cell consisting of

tSi = 300 nm ultrathin c-Si film with metal NM on 100 nm Ag back reflector as the backside,

as shown in Fig. 33(a)(ii). This is compared with an ultrathin c-Si film with 300 nm Ag thin

film back reflector that was discussed earlier.

Figure 44: (a) Averaged absorption spectrum for ultrathin c-Si film with Ag film and optimal

Ag NM as back reflector. Fabry-Pérot and waveguide modes are plotted with green and blue

dashed lines, respectively, near the x-axis. (b) The enhancement of the absorption as a

function of wavelength due to the Ag NM.
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Fig. 44(a) plots the absorption spectra for the Ag thin film back reflector and the op-

timized Ag NM back reflector. The optimal solar cell performance is achieved by using a

backside Ag NM with abot = 900 nm, dbot = 520 nm, and tbot = 350 nm. The short-circuit

current density is Jsc = 10.1 mA/cm2, with Jsc,xx = 10.1 mA/cm2 and Jsc,yy = 10.1 mA/cm2,

exhibiting a 17.4% enhancement in Jsc compared with c-Si thin film with a 300 nm Ag back

reflector.

For shorter wavelengths, the ultrathin c-Si film with Ag NM as back reflector supports

the same thin film Fabry-Pérot resonance modes as its counterpart with 300 nm Ag thin

film, but with redshifted and slightly weaker absorption peaks. The redshift of the peaks

arises from the larger penetration of the electromagnetic field into the Ag NM back reflector

due to the leaky nature. The absorption peaks for the c-Si with Ag thin film are stronger

than with Ag NM. The location of the Fabry-Pérot resonance modes are plotted near the

x-axis with green dashed lines.

Leaky waveguide modes are plotted in Fig. 44(a) with blue dashed lines near the x-axis for

modes up to |p| and |q| = 2. These leaky waveguide modes are plotted for freestanding silicon

thin film without a back contact (Equations 6.13 to 6.16) since the electromagnetic field

propagates into the holes of the metal NM. Figure 44(b) plots the absorption enhancement

g(λ) between the two structures shown in Figure 44(b). The guided modes contribute to

the absorption enhancement in the long wavelength regime (λ = 700 to 1100 nm). An over

10-fold enhancement is observed near λ = 796 nm and 1046 nm.
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Figure 45: Normalized electric field intensity profiles at incident wavelength (I) λ = 648, (II)

764, and (III) 1046 nm for ultrathin c-Si film with (a) 300 nm Ag film and (b) optimal Ag

NM as back reflector. The cross-sectional views for the structure in (i) the x-z plane with

y = 0, (ii) the y-z plane with x = 0, and (iii) at the Ag NM/c-Si interface. The electric

field profiles are the averaged result from incident light with polarization along x- and y-

directions. The dashed white lines indicate the edges of where the c-Si thin film, Ag NM,

and Ag thin film are located.
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Figure 45 plots the electric field intensity at (I) λ = 648, (II) 764, and (III) 1046 nm. The

electric field intensity is plotted at these wavelengths for a Si thin film with (a) 300 nm Ag

thin film and (b) optimal Ag NM back reflector. The electric field intensity profiles shown in

Fig. 45(II)(b) and (III)(b) indicate the excitation of leaky waveguide modes. The absorption

enhancement at λ = 648 nm is due to the excitation of a cavity mode (or localized waveguide

resonance near its cutoff wavelength) within the cylindrical holes of the metal NMs.[162] This

resonance is independent of metal NM pitch. At λ = 764 and 1046 nm, the incident light is

coupled into (p, q) = (2, 2) or (−2,−2) TM waveguide modes.

6.2.2.3 NM sandwich optimization Finally, we explored the combination of a metal

NM on both the top and bottom of the ultrathin c-Si film. In addition to the parameters

discussed previously, we further consider the spatial offset between the NMs. The frontside

NM is Al and backside NM is Ag as simulated before. In addition, the backside metal NM

sits on top of a 100-nm-thick Ag back reflector like in the previous structure optimized. The

optimized NM sandwich consists of a frontside Al NM and a backside Ag NM with atop

= abot = 850 nm, dtop = 800 nm, ttop = 100 nm, dbot = 500 nm, tbot = 300 nm, u = 425

nm, and v = 0. The short-circuit current density of this structure is Jsc = 13.3 mA/cm2,

with Jsc,xx = 13.6 mA/cm2 and Jsc,yy = 13.0 mA/cm2 corresponding to a 41.5% and 20.7%

enhancement compared to c-Si with ARC /Ag back reflector and an ideal double pass 300

nm c-Si, respectively. Figure 46 plots the (a) absorption spectra of the optimized NM

sandwich compared to c-Si film with ARC and Ag back reflector, and (b) the enhancement

in absorption. The enhancement in Jsc induced by the NM sandwich is similar to the

accumulated enhancement by NM on frontside and backside separately, implying a weak

coupling between the SPP near the frontside and the leaky waveguide modes.
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Figure 46: (a) Absorption spectrum of ultrathin c-Si film with ARC and Ag back reflector,

and c-Si with the optimal NM sandwich. (b) The enhancement of the absorption as the

function of wavelength.

The absorption enhancement at long wavelength regime predominantly contributes to the

total enhancement, as shown in 46(a). The guided TE and TM waveguide modes for free-

standing c-Si with up to |p| and |q| = 2 are analytically calculated and plotted in Fig. 46(a)

as well with blue dashed lines near the x-axis. Similarly, the SPP modes with up to |m| and

|n| = 3 are analytically calculated for the frontside Al and c-Si and plotted with cyan dotted

lines near the x-axis. The combination of concentrated electric field intensity from the SPPs

excited by the frontside Al NM and the excitation of waveguide modes from the backside Ag

NM lead to high absorption peaks compared with just the frontside or backside NMs alone.

To reduce reflection, an additional silicon nitride Si3N4 ARC is used at the frontside. A

flat layer of Si3N4 with thickness tARC is positioned upon the frontside NM with the holes

in the NM also filled with Si3N4. The optimal structure includes an additional Si3N4 thin

film of thickness tARC = 100 nm added to the former structure. The short-circuit current

density of this structure is Jsc = 16.25 mA/cm2, with Jsc,xx = 16.6 mA/cm2 and Jsc,yy = 15.9

mA/cm2, as shown in Fig. 47, corresponding to a 72.9% and 47.8% enhancement compared

to c-Si film with ARC and Ag back reflector, and an ideal double pass 300-nm-thick c-Si

thin film, respectively. The sheet resistance of the Al NM as the top electrode is Rs = 2.4

Ω/sq at Tsolar = 81%, satisfying the industry standard RS < 10 Ω/sq.
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Table 2: The short circuit current density Jsc of c-Si with different metal structures.

Structure Jsc (mA/cm2)

Frontside NPs 9.7

Frontside NM 9.6

Backside NM 8.7

NM Sandwich 13.3

NM Sandwich with ARC 16.25

Figure 47: (a) Absorption spectrum of c-Si ultrathin film with ARC and Ag back reflector,

and c-Si with the optimal double-side NMs with silicon nitride antireflection coating. (b)

The enhancement of the absorption as the function of wavelength.

6.2.3 Conclusion

The frontside NM excites SPPs and couples incident light into waveguide modes in the

c-Si. The backside NM supports resonances amplified by localized surface plasmons at

the metal/c-Si interface. The effect of NMs on either side leads to significant absorption
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enhancement in c-Si layer in long wavelength regime. To achieve a broadband enhancement,

Si3N4 is used as antireflection coating to increase the absorption in c-Si in short wavelength

regime. We illustrated how metal NM sandwich with appropriate antireflection coating may

be utilized to achieve a broadband light trapping with a 72.9% enhancement in short-circuit

current compared with that of a 300-nm-thick c-Si thin film solar cell with ARC and Ag

back reflector.
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7.0 CONCLUSIONS AND PROSPECTS

Nanoscale materials offer exciting new possibilities in material design and opportunities for

high performance and low-cost TC and photovoltaic applications. In this work, I mainly

focus on the development of high performance TC materials based on a variety of nanoscale

and microscale building blocks using both numerical and experimental methods. Metal NW

arrays for TCs are first examined. According to the simulation results, Ag NW and Cu NW

array have both demonstrated a performance superior to ITO thin films. Moreover, given a

fixed areal fraction, thicker NWs with wider spacing is more favorable with respect to the

commonly used figure of merit σDC/σop. A 10-nm-thick Ni coating over Cu NW will serve

as a protection layer against oxidation without significant impact on the TC performance.

Cu NM is then studied using both simulation and experiments. A transmission over 80%

at a sheet resistance of 17 Ω/sq is achievable, which is comparable to commercial ITO thin

films. Cu NM is conveniently fabricated on flexible substrate and demonstrated exceptional

durability against bending, heating, and abrasion. Toward even better performance and

functionality, two hierarchical materials are developed. Graphene/metal MG structures show

a transmission over 90% at a sheet resistance of ∼1 Ω/sq. The graphene layer also acts as

protection layer for the underlying metal MG against bending and oxidation. Metal NM/MG

structures are studied because they show tunable haze factor from 17% to 26%, which is

especially useful for solar cells.

As a natural extension of the study on TCs, we carry on the research on the light

trapping effects associated with the TCs as the top electrodes. With the preliminary results

obtained from studying the effects of Ag hemisphere arrays on c-Si thin film solar cells,

we systematically examine impact of incorporating NM on frontside and/or backside of an

ultrathin c-Si film solar cell. The optimal NMs on both sides of the c-Si thin film solar cell
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lead to a 72.9% enhancement in Jsc compared with c-Si of the same thickness with ARC and

metal back reflector. Despite much work has been done by the TC research community to

improve the performance and reduce the manufacturing cost of TCs, there are still challenges.

For example, how haze factor of TCs will affect the performance of photovoltaic applications

is still not entirely clear. The upper and lower bound of the haze factor for a given material

system need to be systematically investigated. Beside, more device-specified TC materials

need to be designed and tested, as the sole use of figure of merit may not adequately reveal

how good the TCs really are.
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