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Summary 

The increasing demand for optoelectronic applications coupled with novel areas of 

their application drive the research in the area of transparent conductive layers 

(TCLs) towards more convenient fabrication methods, lower costs and flexibility of 

materials, while not compromising on solid performance. The current industry­

benchmark TCL - the indium tin oxide (ITO) - benefits from an excellent trade-off 

between optical transparency and electrical sheet resistance, yet suffers from some 

well-known drawbacks, including but not limited to: high materials and fabrication 

cost, scarcity of indium, toxicity of ITO fabrication and inadequate flexibility. 

This thesis focuses on a tuning of the optoelectronic performance of two types of 

metallic nanostructured TCLs: 1) aluminum nanoporous (AlNP) layers with random 

and uniform distribution of NPs and 2) silver nanowire (AgNW) layers with random 

and uniform distribution of AgNWs. 

The first half of the thesis investigates the trade-off between transmittance and sheet 

resistance of random and uniform AlNP layers with various geometrical 

configurations of nanopores (NPs). A non-lithographic approach to fabrication of the 

transparent conductive AINP mesh was presented based on electrochemical 

anodizing of AI bulk layer. Computational models for estimating the optical and 

electronic properties of nanostructured metallic TCLs was proposed founded on the 

finite-difference time-domain (FDTD) method and the percolation theory, 

respectively,· and brought to good agreement with experimental data. The optimal 

geometrical configuration of AINPs was specified and compared with ITO and other 
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NP layers based on Ag and gold (Au). We found that AINP TCLs possess the 

optoelectronic performance which is comparable to ITO, but do not outperform it. 

Obtained results demonstrated porous AI mesh as a strong candidate for low-cost 

non-lithographic low-temperature TCL, which is especially attractive for flexible 

electronics. 

The second half of the research focuses on a tuning of the optoelectronic performance 

of AgNW layers- promising candidates to outperform the benchmark ITO TCLs. 

Theoretical model for estimating the optical and electronic properties of AgNW 

layers was proposed based on FDTD method and an electrical approach considering 

the volume of NW crossings. The model was brought to good agreement with 

experimental data. The trade-off between the transmittance and the sheet resistance 

of AgNW electrodes was investigated through adjusting the diameter, length and 

surface coverage (SC) of AgNWs. The influence of the angle deviation of the 

nanowire crossings on the transmittance and the sheet resistance was demonstrated 

and estimated. According to the results, AgNW TCLs possess strong optoelectronic 

performance which is not only comparable with ITO but may also exceed it, making 

them promising candidates for many optoelectronic applications such as thin 

displays, touch screens, solar cells, light-emitting diodes, smart windows, transparent 

heaters, electroluminescent panels and other devices. 
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Chapter I 

Introduction, background & motivation of the thesis 

The wider is the range of known, 

the more it contacts with unknown. 

Anaximenes of Miletus 

In the 1970s, the developed world entered into a new age of information. Since then, 

the emerging technologies considerably changed the way we live, our work and 

leisure through the means of communication and accessibility of information. The 

appearance and blossom of the Internet is obviously the best example of this 

technological revolution [1]. Today people consume more information than ever 

before and this trend denies to end any time soon, most probably it will follow an 

exponential growth and expand tremendously. While the forms of consuming 

information differ, without any doubt the most convenient come from a visual form. 

Reading, looking at images, watching videos - all these actions are currently 

performed with the help of displays built in our computers, smartphones and tablets. 

Although the handheld devices experienced a significant reduction in size within the 

last two decades, the constantly growing demands and new usage scenarios require 

larger screen sizes than before (see Figure 1.1). The only way to grow the screens 

further while staying true to the current portability trend -is to make all the display 

components flexible. 

Transparent conductive layers (TCLs) - which play an inevitable role in various 

display and photovoltaic (PV) appljcations- now have to satisfy the abovementioned 

20 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



criteria as well. Flexibility, combined with growing demands for higher 

optoelectronic performance at lower cost of production, makes the development of 

modem TCL more complicated. Moreover, a novel TCL technology has to be 

adjustable to fit into variety of applications possesing specific demands. 

2000 

1.5 
inch 

.... 

2005 

2.0 
inch 

.... 

2010 

3.5 
inch 

.... 

BIG screens mean EASIER consuming of information, 
but unfortunately LESS PORTABILITY ... 

2015 

5+ 
inch 

Figure l.llllustration on how the average screen size increased within the last decade based 

on popular mobile phones [2-6]. 

Based on the observations above, a modem TCL- being an inevitable component of 

any display application - needs to satisfy four main criteria: (i) deliver the required 

optoelectronic performance, (ii) offer mechanical flexibility, (iii) allow the low-cost 

production method and (iv) possess tunable properties to fit into various applications. 
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1.1 Transparent conductive layers 

TCLs are thin layers of optically transparent and electrically conductive material. 

They are an inevitable component in a number of optoelectronic and photonic devices 

comprising liquid crystal (LC) displays, organic light-emitting diode (OLEO) 

displays, touch screens (TSs) and PVs (Figure 1.2). 

Figure 1.2 Variety of TCL applications: (a), (b) and (c) represent display applications: 

a refrigerator incorporating a capacitive touch screen [7], a bezel-less smartphone with 2.50 

curved display [8] and a monitor with curved display [9], respectively; (d) a luminescent 

panel [10]; (e) an electrochromic window [11] and (t) a photovoltaic window [12]. 

TCLs are typically used as electrodes when an application requires electrical contacts 

without blocking light and fabricated in order· tO satisfy application-specific demands. 
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It might appear reasonable to ask which TCL performs best. However, this question 

may have multiple answers, since different TCLs are best suited for different 

applications. Moreover, a given application may constrain the method of preparation 

and thereby affect the choice of material [13]. Based on their initial purpose, main 

choice factor which implies any TCL is the figure of merit (FoM)- the ratio of the 

electrical conductivity to the optical absorption coefficient of the film. The FoM for 

TCLs was defined by G. Haacke as [14]: 

(1) 

where T is optical transmittance and R sh is electrical sheet resistance. While FoM 

drives main attention when considering a TCL, there are other influential factors: 

(i) physical properties and durability; (ii) chemical and thermal stability; 

(iii) thickness and geometry; (iv) uniformity and surface roughness; (v) work 

function; (vi) plasmonic properties; (vii) deposition temperature; (viii) toxicity and 

(ix) cost and accessibility of materials coupled with facility of fabrication. Unique 

demands for particular application may not be limited to any of the above-mentioned 

factors and hence may open a window of opportunities for new materials and 

configurations of TCLs. Furthermore, some parameter may benefit for one 

application and malign for another; haze factor, in particular, improves energy 

harvesting in photovoltaics, but is adverse for flat panel displays. 

To sum up, main requirements for a novel TCL include: 

1) High optical transmittance: usually >80% and better, based on commercial 

grade products [15-18]. 
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2) Low sheet resistance: usually <100 nlo and better, based on commercial 

grade products [15-18]. 

3) Strong FoM: usually > 1 o-3 and better, as a consequence of the requirements 

1 and 2. 

4) Other application specific requirements: compatibility with other 

components, stability of properties, mechanical durability, flexibility, low 

cost, safety of production, etc. 

1.2 Traditional ITO TCL and its drawbacks 

Within the optoelectronics industry, most popular TCLs are typically based on 

transparent conductive oxides (TCOs): indium tin oxide (ITO), fluorum tin oxide 

(FTO) and alumina zinc oxide (AZO). Today's most common and dominative TCL­

state of the art solution - is ITO due to its high optical transmittance and low sheet 

resistance which lead to an attractive FoM, which is further augmented by great 

scalability and reliability. Owing to its strong optoelectronic performance ITO has 

been an industry standard for TCL for the last two decades. However, ITO has certain 

shortcomings, which drive the research towards novel TCLs. 

Primal concerns with ITO arise from the cost of indium as a material, which is not 

only high but also hard to forecast. The cost of indium fluctuated significantly- from 

S$140 to S$1770 per kg within the last fifteen years [19] -corresponding to the 

market demand for ITO and due to compUcated geopolitical situation. Figure 1.3 

shows the fluctuations in the price of indium from 2000 to 2014. Not onJy cost of 
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indium negatively influences the price of ITO, but also its fabrication methods 

requiring expensive vacuum deposition [20]. 

Indium Metal Prices, free market price, min !19.9!1~ purity (US$ /leg} 

1,200 ~------------------

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 

Figure 1.3 Free market price of 99.99% pure indium from 2000 to 2014 in US dollars [19] . 

Another serious shortcoming of ITO results from the inherent brittleness and lack of 

flexibility, which prevents the implementation in flexible electronics and limits the 

ability to be fabricated into large area touch displays [21]. Figure 1.4 shows the sheet 

resistance of silver nanowires (AgNW) and ITO on PET substrates after multiple 

bending cycles. As can be seen, AgNW s remained conductive even after 1000 cycles, 

while ITO experienced 10 times increase of sheet resistance after being bend only a 

couple of times [22, 23]. The current trend towards flexible electronics and 

curvedlbendable displays in particular pushes the development of so-called ITO-free 

TCLs. While some articles report techniques to increase the flexibility of ITO, none 

of them solves the problem completely [24, 25]. Moreover, such techniques usually 

have a negative impact on the FoM of ITO layers. For instance, H. Wang et al [24] 

proposed a method of blow-spinning the ITO nanofibers with increased flexibility, 

but the optoelectronic properties of such TCL are below the sputtered ITO level and 
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they can withstand only modest bending to diameter of 7 mm. One time bending of 

blow-spun ITO to diameter of 1 mm resulted in 18.4% increase of sheet resistance. 

&KQ,O 
a b .. 

60 .------------

2 200 400 600 800 1000 
Bending cycles 

50 1-------1 

40 J---~~~~~ 

30 1------------1 

20 
' 10 

0 No encapsulated Encapsulaled 
Ag nanowi'es Ag nanowi'es 

Figure 1.4 Brittleness of ITO results in a failure to pass the bending test. (a) Sheet resistance 

over numerous bending cycles of the AgNW with alginic acid-poly(dopamine) complex 

(Aa-PDA) added to ink versus the ITO on PET substrate [22]. (b) Sheet resistance of AgNW 

films, with and without encapsulation, and ITO on a PET substrate after bending 100 times 

to 5 mm [23]. 

The brittleness of ITO not only limits the applications diversity but results in 

important economic concerns. The growing demand for consumer electronics 

requires large scale manufacturing methods possessing robotic batch fabrication of 

TCLs - such as roll to roll (R2R) processing of flexible TCLs on PET substrate. 

Several novel types of TCLs benefit from compatibility with R2R manufacturing, 

while there are no reported methods of similar ITO coating. 

Moreover, the recent toxicological study indicated an increasing number of cases of 

severe lung effects in ITO-exposed workers that ITO-exposed workers [25]. Indium 

tin oxide may cause an irritation in the respiratory tracts and should not be inbaled. 
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If exposure is long-term, symptoms may become chronic and result in benign 

pneumoconiosis. Studies with animals indicate that indium tin oxide is toxic when 

ingested, along with negative effects on the kidney, lung, and heart [26]. Most of the 

problems arise because of the toxicity of indium, from which the most important is 

the "indium lung" disease [27]. In fact, fabrication methods of many other TCLs 

involve toxic components as well, but there is a constant trend towards using less 

hazardous materials and safer work conditions which limits the applications of 

indium. The most substantial drawbacks of the ITO are summed up in the Table 1.1. 

Table 1.1 Main concerns about the ITO. Based on Refs. [19-29]. 

· Functional . I Economical Hcalth·-~~lated .. , , .: : 

Fragility, inadequacy for 

large area touch displays 

Lack of flexibility, 

inadequacy for flexible 

electronics 

IRIUV mirror 

Cost and limited supply of 

indium, difficult geopolitical 

situation 

Expensive vacuum 

deposition 

Incompatibility with R2R . 

Toxicity of fabrication 

Inherent toxicity of indium 

Hazardous waste 

In summary, ITO is unlikely to be completely replaced within the consumer 

electronics industry owing to its solid optoelectronic performance and overall 

reliability in the next 2 to 3 years. Unless the price and availability of indium 

significantly changes, ITO is expected to continue having industry presence. 
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However, alternative materials are also expected to have market impact for next­

generation applications where ITO is deemed unsuitable and potential 

implementation can be realized in large scale after three years and above [30]. 

1.3 Non-metallic TCLs proposed for ITO replacement 

1.3.1 Transparent conductive oxides 

Foremost solutions for ITO replacement come from the class of TCOs. While there 

is a broad variety of TCOs, the most prominent include AZO, FTO, magnesium 

doped zinc oxide (MZO), gallium doped zinc oxide (GZO), antimony doped tin oxide 

(ATO), gallium doped MZO (GMZO) and aluminum doped MZO (AMZO). AZO 

and FTO were claimed as most direct alternatives to address some of ITO 

drawbacks [30]; AZO, for instance, benefits from low cost and abundancy of 

materials, convenience and less toxic fabrication process. Example of AZO 

application in multiple quantum well (MQW) PV cell is shown in Fig. 1.5 [31]. 

However, ITO defeats AZO in means of optoelectronic performance and offers 

precise etching, while AZO is .prone to over-etch [32]. Moreover, stability of AZO 

falls short compared to ITO and limits the application of this TCL in humid 

environments [33, 34] or under temperature as shown in Fig. 1.6 [35]. FTO, in turn, 

offers superior thermal stability compared to ITO and complies with chemical vapour 

deposition (CVD) at high temperatures, which enables to deposit FTO while 

performing drying on the substrate. Unfortunately, FTO suffers from complicated and 

inaccurate etching process, which .limits its applications [21]. In general, competing 
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TCOs neither outperform ITO in means of FoM nor address the flexibility and 

brittleness issues. 

Substrate 

Figure 1.5 Inverted n-ZnO/p-GaN junction with n-ZnO anti-reflective (AR) coating and 

AZO TCL [31]. 

AZ.O Resistivity 
25~,=~~==~~==~--~~--~--~--~--TI 

--Damp Heat Open-faced 
--Damp Heat Encapsulated 
-+-Cyclic Open-Faced 20 L -- ------- --·- J 

0o 1 00 200 300 400 500 600 700 800 900 1 000 
Exposure Time (hrs) 

Figure 1.6 Resistivity of AZO in damp heat and cyclic exposures [35]. 
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1.3.2 Conductive polymers 

Flexibility issue was addressed through the development of conductive polymers, 

most common of which is poly(3,4-ethylenedioxythiophe) (PEDOT) doped with 

aqueous polystyrensulfonic acid (PSS) [36] . TCLs based on PEDOT:PSS offer great 

flexibility, mechanical and electrochemical stability, benefit from convenient coating 

methods. Transmittance and sheet resistance of PEDOT:PSS TCLs depend on the 

film thickness as shown in Fig. 1.7a [36]. At the same time the PSS component 

required as the counter ion, charge compensator and template for polymerization of 

PEDOT, making it easily dispersible in water, is unfortunately an insulator and hence 

the main reason for the low conductivity of the commercial PEDOT:PSS [37]. 

Furthermore, PEDOT:PSS TCLs suffer from electrical instability of PSS when 

exposed to temperature or UV light. The conductivity degradation of PEDOT:PSS in 

ambient atmosphere is shown in Fig. 1.7b [36] . 

1.3.3 Carbon-based nanostructures 

Graphene-based TCLs are currently considered as very promising due to unmatched 

transmittance - exceeding 97% at 550 run wavelength for a single layer sheet. 

Augmented by excellent flexibility and superb stability in pure form, graphene may 

potentially become a solid ITO replacement [38] . However, graphene needs to be 

doped in order to satisfy requirements for being used in optoelectronic applications 

since its sheet resistance in pure fonn exceeds 2 kQ/sq as shown in Fig. 1.8 [39]. 
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Figure 1.7 (a) Variation of transmittance and sheet resistance with film thickness for 

PEDOT:PSS treated with methanol. (b) Conductivity stabilities of PEDOT:PSS films in the 

ambient atmosphere treated by different methods with methanol and EG [36]. 
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Figure 1.8 Sheet resistance of n-layer graphene films as a function of the number of stacked 

graphene layers, n [39] . 

While a doped graphene possesses significantly higher FoM - at around 90% 

transmittance at 40 Q/sq sheet resistance [40] , there are significant drawbacks 

limiting the application of doped graphene TCLs arising from dopant instability and 

complicated reproducibility within larger area [41]. Another hot organic material 
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proposed for TCLs - carbon nanotubes (CNT) - possesses extraordinary properties 

on a standalone basis, yet suffers from high CNT-CNT junction resistance and defects 

when reproduced over large area TCLs [42, 43]. Thus the optoelectronic performance 

of CNT-based TCLs is still below compared to the state of the art ITO. 

Although non-metallic TCLs demonstrate promising abilities and may potentially 

replace ITO as low-cost flexible TCLs, they still struggle to outperform the latter in 

means of optoelectronic performance. The most substantial drawbacks of non-

metallic ITO competitors are summed up in the Table 1.2 [13-43]. 

Table 1.2 Main concerns about non-metallic TCLs as replacement for ITO [13-43]. 

Strong 
Weaker 

Slightly 
Weaker 

Slightly 
Weaker 

performance weaker weaker 
performance performance performance 

(benchmark) performance performance 

Worse 
Worse High 

Good Worse Inaccurate stability 
stability (due junction 

stability stability etching · (due to 
resistance to dopant) 

dopant) 

Trade-off 
Worse 

Inflexible Inflexible Inflexible (PEDOT I Defects 

PSS) 
scalability 
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1.4 Metallic TCLs 

1.4.1 Unpatterned metallic TCLs 

Smooth, thin (~1 00 nm) and ultrathin (~10 nm) metallic layers were proposed as a 

straightforward solution to replace ITO TCLs in some of the optoelectronic 

applications such as photovoltaic cells or polymer LEDs [44-48]. Thanks to the 

inherent plasticity, metals can be deposited in a relatively cheap and rapid manner 

and on many types of substrates including flexible materials such as PET. Owing to 

naturally low electrical resistivity, metals such as AI, Ag, gold (Au), copper (Cu), 

nickel (Ni), platinum (Pt), chrome (Cr) and alloys such as Ni-Cr or Cu-Ni attract 

continuous interest for electronic applications [44, 47]. Unfortunately, in order to 

have an attractive optical transmittance, metallic layers must be extremely thin so that 

sheet resistance may become unsatisfactory or vice versa. Upon the increase in 

thickness, the sheet resistance decreases linearly according to Rs = I /crt, where cr is 

the electrical conductivity in n-1 cm-1 and t is the coating thickness in em. At the 

same time, the transmittance given by the ratio of the radiation intensity Io entering 

the TCL on one side to the radiation intensity I leaving the sample on the opposite 

side - T = lllo - decreases exponentially according to T - exp (-at), where a is the 

optical absorption coefficient. Hence the transmittance decreases more rapidly than 

the sheet resistance as the thickness increases leading to unattractive FoM. Figure 1.9 

shows the transmittance and the reflectance of the Cu-Ni bilayer compared to the ITO 

[45]. As seen, the Cu-Ni bilayer possesses si.gnificantly lower transmittance than the 

ITO at comparable sheet resistance of 16 and 21 n/o, respectively [45]. Since most 
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Figure 1.9 Comparison of transmittance and reflectance of the Cu (7 nm) + Ni ( 1 nm) bilayer 

with the ITO [45]. 

optoelectronic applications require high optical transmittance, usually above 80%, 

the thickness of such metal layers must be in the ultrathin region. This not only leads 

to much higher sheet resistance than for bulk layers, but impels severe requirements 

for deposition methods, minimum grain size of metal and resulting film uniformity. 

Actually, the practical sheet resistance of such thin metal layers is usually far from 

theoretical evaluation and strongly depends on metal ' s ability to form such thin 

layers. Unfortunately, some metals have limitations due to big minimum grain size 

which prevents from depositing them in uniform ultrathin layers. Among the 

unpattemed thin metal TCLs Cu, Ag and Au gained particular interest due to high 

conductivity and relatively smaller grain size [47]. Table I.3 shows the optical 

transmittance and sheet resistance of I 0 nm ultrathin layers of Cr, Pt, Pd, Ni, Cu, Au, 

Ag and IO nm ultrathin Cu-Ni (9 nm and I nm, respectively) alloy [44-48]. 
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Table 1.3 Optoelectronic performance of 10 nm ultrathin metal layers [44-48]. 

24 42.3 42.2 47.4 55 48.3 58.5 51 

38 37 25 21 9.7 11 11 

Geometrical nanopatterning of metallic TCLs was proposed to addresses the 

transparency issue through direct increase of the open area while keeping the metal 

network continuous. 

1.4.2 Nanopatterned metallic TCLs 

From a geometrical perspective, most commonly used TCLs can be divided into three 

broad groups: planar or bulk, nanoporous (NP) and nanowire (NW) layers 

(Figure 1.1 Oa). Typical planar-type TCLs range from the most widely used ITO along 

with other TCOs to planar ultrathin metallic layers and conductive polymers. NP or 

nanoholed TCLs are usually formed via top-down methods such as NP anodization 

from ventile group of metals, as AI or titanium (Ti), and lithographic approach from 

Ag, Au, Pt and many other metals. Two-dimensional (20) quantum wires or NWs 

comprise third type of common TCLs based on either metallic (Cu, Ag, AI, Ni or Pt) 

or organic (graphene, carbon) NWs and their combinations. Metallic NW TCLs are 

usually formed via bottom-up methods through chemical or molecular assembly or 

by template-assisted electrodeposition. Figure 1.1 Oa shows basic geometrical 

structures of TCLs, while many distinctive structures were proposed for metallic 
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a Geometrical structure of TCLs 

Unpatterned Nanoporous Nanowire mesh 

Figure 1.10 (a) TCLs by geometrical structure: unpattemed, nanoporous, nanowire mesh; 

(b) planar-type ITO film [49] ; (c) top-down NP AI grid; (d) bottom-up coffee ring Ag NP 

layer [50] ; (e) top-down honeycomb Cu NP grid [51] ; (f) top-down microtriangular Ag NW 

grid [52] ; (g) bottom-up Ag NW mesh [fabricated by our group]. 

TCLs which can only roughly fall into one of the broad groups [ 49-52] . For instance, 

the coffee-ring Ag TCLs shown in Fig. 1.1 Od resemble the NP TCLs [50], while the 

microtriangular-holed Ag TCLs shown in Fig. l.lOf resemble NW grid [52] . 

Moreover, since the two fundamental fabrication approaches- top-down and bottom­

up- act either via reduction or via growth of metal, the final TCL may look different 
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Table 1.4 Metallic TCLs fabricated by top-down and bottom-up methods [50-52]. 

Cu Ag 

Triangular 

87* 74.9 

8.5* 7.1 

[48] [49] 

Al 

Circular 

62.5 

104 

[our group] 

Ag Ag 

Coffee rings Mesh 

95* 93.5 

4.5* 34 

[47] [our group] 

*While these two TCLs demonstrate very high optoelectronic performance, it is partly 

attributed to comparatively wide linewidth and grid spacing: 1 I 30 and 5 I 150 Jlm, 

respectively- which may limit the choice of applications. 

compared to the same formed by other method. Table 1.4 shows some examples of 

metallic TCLs fabricated by both top-down and bottom-up methods [50-52]. 

The optoelectronic performance of naDopattemed metallic TCLs ranges from very 

poor to very high values, depending on many factors, including (i) metal properties, 

(ii) geometry of TCL and (iii) overall quality of fabrication. Since mechanical, 

electrical and optical properties of metals vary in wide range, metal choice usually 

depends on requirements dictated by the application, as well as cost of both material 

and fabrication. As can be seen from examples in the Table 1.4, metallic TCLs can 

not only reach the optoelectronic performance of state of the art ITO, but even 

outperform the latter. Moreover, the broad range of the fabrication methods for 
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metallic TCL offers infinite variety of nanopattem geometries introduced through 

both top-down and bottom-up approaches, which allows to tune the optoelectronic 

performance for any application. Top-down methods such as vacuum lithography 

enable more precise nanopatterning and thus usually result in higher optoelectronic 

performance of TCLs. However, they generally suffer from high cost and strict 

conditions of fabrication which offsets the benefits compared to ITO. At the same 

time, many bottom-up approaches and some of the top-down approaches- such as 

the polyol synthesize of AgNWs and the electrochemical NP anodizing of Al -

benefit from cheap and simple fabrication, while offering TCLs with competitive 

optoelectronic performance. 

The definitive hall-marks of any metallic TCL- flexibility, rigidness and ability to 

withstand tensile and compressive stress- make them especially attractive for a new 

generation of flexible and printable electronics. Figure 1.11 shows some applications 

made possible with the use of flexible metallic TCLs. More information on bow the 

nanopattemed metallic TCLs compete with the state of the art ITO and alternative 

TCLs will be presented in the Chapter Two. 

1.5 Aims and objectives of the thesis 

Metals attract continuous research interest for optoelectronic applications owing to 

high electrical conductivity at room temperature augmented by excellent mechanical 

properties. Compared to state of the art ITO, metallic TCLs benefit from simple and 

low-cost fabrication methods and allow implementing them in flexible electronics. 

Since unpatterned metals generally suffer from low transparency in the visible 
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wavelength range, nanopatterning plays a crucial role in increasing the optoelectronic 

performance of metallic TCLs. 

This thesis focuses on the geometrical tuning of the optoelectronic performance of 

two types of metallic nanopattemed TCLs: (i) AlNP layers with random and ordered 

distribution of NPs and (ii) AgNW layers with random and ordered distribution of 

NWs. The aim of the thesis is to find the optimum geometrical configurations of 

AlNP and AgNW TCLs, which allow high optoelectronic performance to replace the 

brittle and expensive state of the art ITO. 

This thesis pursues the following list of objectives: 

1. To investigate the optoelectronic performance of AINP TCL with various 

configurations of NPs and NP layers. 

2. To investigate the optoelectronic performance of AgNW TCLs with various 

configurations of NW s and NW layers. 

3. To analytically compare AINP to AgNW TCLs and to state of the art ITO in 

order to estimate their viability and find the optimum configuration. 

4. To find and study the way of improving the optoelectronic performance of the 

optimum metallic TCL. 

1.6 Thesis organization and major contributions 

The thesis comprises nine chapters with this - Chapter One - being the first 

introductory chapter. Chapter Two briefly overviews the electrochemical nanoporous 

(NP) anodizing of aluminum (Al) and the polyol synthesis of silver nanowires 
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(AgNWs). The Percolation Theory and the finite-difference-time-domain (FDTD) 

method used for electrical and optical calculations, respectively, also feature in the 

Chapter Two. Chapter Three investigates the optoelectronic performance of AlNP 

TCLs with various arrangement and diameter of NPs. Chapter Four discusses the 

optimization of the optoelectronic performance for AgNW TCLs. Chapter Five 

compares the NP and NW configurations of TCLs. Chapter Six compares random 

and uniform configuration of NW s. Chapter Seven focuses on comparing micro- and 

nanoscale metallic TCLs of both NP and NW configurations. Chapter Eight studies 

the effect of AgNW length in a broad range on optical and electrical properties as a 

TCL. Finally, Chapter Nine presents the conclusions and outcomes of the thesis and 

suggests possible directions for future work. 

Major contributions of the thesis are following: 

1. We developed a comprehensive guide for selecting the appropriate 

configuration of NP TCL based on both experimental and computational data. 

Random and semi-ordered AlNP layers benefit from simple fabrication 

method, low cost and accessibility of materials. Their performance is slightly 

below the industry benchmark: our experimentally obtained AlNP TCL with 

random arrangement ofNPs possessed the transmittance of 62.5% at 104 0/o 

sheet resistance. We have shown that hexagonal arrangement of NPs strongly 

improves the optoelectronic properties: our theoretically estimated 

performance of AlNP TCL with hexagonal arrangement of NPs reached 80% 

transmittance at 20 0/o. 
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2. We developed a comprehensive guide for selecting the appropriate 

configuration of NWs and NW TCL based on both experimental and 

computational data. Random AgNW TCLs possess comparable 

optoelectronic performance to ordered AgNW TCLs, and outperform both 

NP TCLs and state of the art ITO. We have shown that lengthening of AgNW s 

improves both optical and electrical performance of AgNW TCLs. Our 

experimentally obtained AgNW TCL reached 93.5% transmittance at 34 Q/o 

sheet resistance. 

3. We have estimated the optoelectronic performance of both types of structures 

- NP and NW - on the micro- and nanoscale and shown the difference 

between them. The difference in optical performance between Aland Ag was 

considerable at the nanoscale, but at the rnicroscale the difference between Al 

and Ag TCLs became attributed to solely their electrical properties. 
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Chapter II 

Nanostructured metallic TCLs 

2.1 Introduction of metallic TCLs 

TCLs represent an essential part of many optoelectronic devices such as LC displays, 

PV cells, TS units, smart windows and other applications. TCLs ensure the 

functionality of these devices and directly influence on their parameters and qualities. 

Displays, while demand a basic property- being transparent and conductive at the 

same time - may set different demands for TCLs, when compare for instance LC, 

OLEO and quantum dot (QD) displays. Moreover, the direction towards flexible 

devices complicates the development of novel TCLs and possesses new 

requirements. Consumers show interest for large-sized, high-resolution, TS capable 

screens, which are not only challenging to produce, but require higher cost of both 

fabrication and materials. Novel materials and fabrication methods should be cost 

effective in order to meet the growing demands. Optoelectronic market develops at 

fast pace and so is the research for TCLs as a part of it. TCL market forecast in shown 

in Fig. 2.1 [53]. According to the forecast, the total TCL market will reach US$1.2bn 

by 2025, where US$430rnn or 18.3% of total market- correspond to ITO alternatives. 

Metal meshes will reach US$317rnn or 15.9% of total TCL market, which attributes 

to 86.8% of all ITO alternatives. AgNWs will reach US$126rnn or 10.5% of total 

TCL market, which attributes to 57.3% of all ITO alternatives. 
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Figure 2.1 IDTechEx TCL market forecast till year 2026: (a) TCL growth rate; (b) growth 

rate of consumer electronics embedding TCLs [53]. 

As it was already mentioned in the Chapter One, the ITO holds the pedestal of the 

most common and dominative type of TCL. While it offers strong optoelectronic 

performance in the visible wavelength range, ITO suffers from brittleness and 

relatively high cost of fabrication. In order to address these issues, many alternative 

TCLs were recently proposed as alternative solutions. Figure · 2.2 shows the most 

common alternative TCLs and their evaluated parameters based on various literature 

sources [13-52]. After comparing the current TCLs, one may come to a conclusion 

that most of the parameters are interconnected and possess a so-called trade-off. 

Indeed, the balance between the transmittance and the sheet resistance (FoM), 

between FoM and flexibility, between FoM and cost- makes these parameters hard 

.to be addressed simultaneously and effectively. Appealing to the famous lecture of 

Riehard Feynman related to nanotechnology - "There' s Plenty of Room at the 
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Bottom" [54]- it is safe to say that there is plenty of room for research in the area of 

TCLs, which offers near-limitless playground resulting from delicate trade-off 

between the parameters. 

TRANSPARENT CONDUCTIVE LAYERS 

... good 

.. tolerable 

PARAl\tEJERS 

Transmittance 

Sheet resistance - **1 •• 1 ***1 

Flexibility - *** 

Scalability ••• 1 - •• 1 .1 •• 1 **1 

Ease of fabrication **1 •• 1 **1 

Cost 

Stability 

Figure 2.2 Featured alternative TCLs with estimated average parameters (transmittance in 

the visible spectrum, sheet resistance, relative flexibility, scalability of fabrication, ease of 

fabrication, cost of materials and relative stability) [13-52]. 

1Marked paramewrs may be radically improved in the near future . 

Since this thesis focuses on metallic TLCs and due to observations discussed in 

Chapter One, let us take a closer look at nanopattemed or nanostructured metallic 

TCLs. Basically, nanostructured metallic TCLs are 20 structures consisting from 10 

structural units. The way these 20 structures are assembled usually depend on the 

fabrication approach: (i) top-down fabrication involves extraction of 10 units from a 

bulk material through processes such as electron-beam lithography or mechanical 
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reduction; while (ii) bottom-up fabrication operates with 10 units grown through 

chemical or molecular assembly or by template-assisted electrodeposition. For 

instance, NP metallic TCLs fabricated by top-down approach represent an ultrathin 

layer from intersecting metallic rings or tors, while NP metallic TCLs fabricated by 

bottom-up approach represent an ultrathin metal layer penetrated by pores or holes. 

Similarly, NW metallic TCLs fabricated by top-down approach represent an ultrathin 

layer from intersecting metallic bars or planks with square or rectangular cross­

section, while NW metallic TCLs fabricated by bottom-up approach represent an 

ultrathin layer from intersecting metallic rods or wires with pentagonal or cylindrical 

cross-section. The top-down and bottom-up approaches differ by cost of fabrication, 

nanoscale geometry of resulting 20 structures and 10 structural units. Table 2.1 

summarizes nanostructure units of metallic TCLs. 

Table 2.1 Nanostructure units of metallic TCLs. 

2D nanostructured metallic TCLs 

lD nanostructure unit 

Fabrication technique 

NP NW 

Top-down Pores or holes* Bars or planks 

Bottom-up. Rings or tors Rods or wires 

*Since these ID nanostructure units are extracted from metal- they represent openings in 

metal layer filled with air or other non-metallic material. 
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2.2 Fabrication of AINP based TCL 

In this section, we present a non-lithographic low-cost method for the fabrication of 

an AINP TCL. We used a successive electrochemical anodizing and etching of Al 

layer deposited on a glass substrate to obtain the mesh. NPs self-order without a need 

for expensive lithography or templating; moreover, size of NPs can be controlled in 

a wide range which offers tunable properties of resulting AlNP TCL. We have shown 

the viability of anodic AlNP TCL for optoelectronic applications by the example of 

a working LC cell. 

2.2.1 Experimental setup 

AINP fabrication process consists of three basic steps: (i) depositing a smooth thin 

AI layer, (ii) NP anodizing of AI layer - formation of NP anodic alumina (AAO) 

membrane and (iii) etching AI at the bottoms of the pores in weak acids. Hereafter, a 

detailed method applied by our group will be presented. 

250 nrn thick Al layer was electron beam evaporated onto the glass substrate. The 

anodizing process was .executed in convenient cylindrical electrochemical cell with 

platinum cathode in a solution of 10 wt% phosphoric acid (H3P04) used as an 

electrolyte. The solution was purposely frozen to 5°C in the fridge in order to decrease 

the speed of the both AAO formation and etching of AI. Lower speed enhances the 

control over the genuinely fast process of electrochemical anodizing. The 

electrochemical cell was kept in the potentiostatic regime at voltage 100 and 180V. 
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The alumina NP layer (Ah03NP) was taken off in the mixture of phosphoric and 

chromic acids (6 wt% and 1.8 wt%, respectively) at 50°C disposed for 30 min. 

2.2.2 Results and discussion 

Figure 2.3 shows the steps of the formation of AlNP TCL. Region O-tt stands for the 

transformation of the upper part of unpattemed AI layer to Ah03NP and for its 

growing (1 st step in the inset of Fig. 2.3a). This process is well explained elsewhere 

[55-57]. The formation of AINP TCL starts when the hemispherical endings of 

AI203NPs reach the glass substrate (2"d step in the inset of Fig. 2.3a) at the time tt. 

The region tl-t2 stands for AINP mesh formation and widening of NPs. AlNPs 

continue to widen further (3rd and 4th steps in the inset of Fig. 2.3a) before they finally 

collapse and lead to the islandization of AI and loss of conductivity at the time h (5th 

step in the inset of Fig. 2.3a). Figure 2.3b shows the scanning electron microscope 

(SEM) images of AINP formation steps in the region tt-12. In this region, cooling 

down the solution temperature fortunately allows to decrease the etching rate of AI 

and enhance the control over the process. Cooling the solution from 25°C to soc 

decreases the etching rate down to 1120 of the initial pace. This makes the period t1-12 

last 90-120 sec allowing to reliably control the AlNP dimensions and, hence, 

precisely adjust the trade-off between transmission and sheet resistance. SEM images 

in Fig. 2.3b demonstrate the resulting AlNP TCLs with random arrangement of NPs: 

anodizing was terminated at current densities 0.9]], 0.75It, 0.5Jt and 0.25J1, 

where J1 = 0.9 mA/cm2. Diameter of NPs ranged from 120 to 150 nm and 

from 150 to 180 run at 0.9Jt and 0.751t, respectively. When the current density 
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Figure 2.3 (a) AINP TCL formation via electrochemical anodizing: region 0-t, stands for 

. Ah03NP formation aQd growth; region t,-tz stands for AINP TCL formation and widening 

of NPs. (b) SEM images of AlNP mesh. Anodizing was terminated at the current density 

0.91t, 0.751t, 0.51t, and 0.25Jt , where J, = 0.9 mA/cm2
. 

dropped down to 0.5J 1, AlNPs exceeded 180 run in average diameter and started to 

collapse resulting in AI mesh breaks. At 0.25J 1 number of breaks increased resulting 

in islandization of AlNP TCL and, hence, loss of conductivity. 

Since transmittance and sheet resistance increase simultaneously as current density 

decreases during the period t1-h, the process should be terminated when AlNP TCL 

meets the desired trade-off between these two parameters. Figure 2.4a shows. the 

trade-off between transmittance and sheet resistance for AlNP TCL obtained in 

potentiostatic regime at 100 V (AlNP-1 00) and 180 V (AlNP-180) and various 

current densities 0.9h 0.75h 0.5JI and 0.251!. Samples fabricated at 100 V and 

current densities 0.9JI and 0.75JI possessed both low sheet resistance, 2 and 10 

Ohrnlsq, and low transmittance, 17.5% and 40%, respectively. Samples fabricated at 

same voltage and current densities of 0.5-J s and 0.25J s reached transmittance of 60 
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and 62.5%, but sheet resistance increased to 103 Ohm/sq and 104 Ohm/sq, 

respectively. 

Significant increase in sheet resistance results from breaking of AINP mesh and 

islandization of Al according to Fig. 2.3b. Figure 2.4b shows four samples of AlNP-

100 TCL fabricated at current densities 0.9J,, 0.751!, 0.5J, and 0.25J, rnNcm2. All 

four AINP TLC samples demonstrated high uniformity. Dashed curve in Fig. 2.4a 

represents the dependence of A1NP -180 TCL transmittance on sheet resistance at 

various current densities. Solid (AINP-100) and dashed (AlNP-180) curves intersect 

at point M- where sheet resistance of AlNP TCL is around 110 Qfo·- and divide the 

dependence in two distinctive regions: 

1) until the point M the trade-off is better for AINP-180 TCL (region A in Fig 

2.4a); 

2) after the point M situation becomes opposite and AINP-100 TCL outperforms 

AINP-180 TCL (region B in Fig 2.4a). 

AlNP-1 00 and AINP-180 trade-off curves intersect at the point M due to different 

ratio of pore diameter to interpore distance (d/a) resulting from different applied 

voltage. Higher anodizing voltages are known to produce Ah03NPs with wider 

interpore distances [55]. Figure 2.4c shows AINP-100 formed with an average 

interpore distance of 200 nm and AlNP-180 with wider average interpore distance of 

275 nm. Figure 2.4d shows the dependence between the sheet resistance and the ratio 

of pore diameters to interpore distances d/a for AlNP-1 00 and AlNP-180 TCLs. 

Significant difference between the d/a ratios for AlNP-100 and AINP-180 remains 

same until the point M and then the curves start to converge. For instance, in region 
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A the d/a ratio for sheet resistance of 2 Ohm/sq is 50 and 25% for a= 200 and 275 

nm, respectively. Opposite behaviour takes place in the region B: the difference of 

the ratio d/a for a = 200 and 275 nm stays below 5%. Hence, the diameter of NPs 

dictates the AlNP TCL transmittance in the region A, while the AI volume dictates 

the transmittance in the region B. Figures 2.5a and 2.5b offer closer look at the AlNP 

meshes obtained via the anodizing at the current density 0.9J 1 and applied voltages 

of 100 and 180 V, respectively. 
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Figure 2.4 (a) Trade-off between transmittance and sheet resistance of anodic AINP TCL 

obtained in the potentiostatic regime at voltages 100 V (AINP-1 00) and 180 V (AINP-180) 

and current densities 0.9JI, 0.75h O.SJ1 and 0.251!, where J1 = 0.9 mA/cm2
• (b) AINP TCLs 

obtained at voltage 100 V and various current densities. (c) SEM images of AINP TCLs 

obtained at voltages 100 V (left) and 180 V (right) and current density 0.9h (d) Dependence 

between sheet resistance and ratio of average pore diameter I interpore distance (d/a). 
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Figure 2.5 Enlarged SEM images of the Al nanoporous mesh obtained by the anodizing at 

the applied voltages of 100 (left) and 180 (right) V and the current density 0.911. 

In order to demonstrate the functionality of AINP TCL, it was embedded into a 

functioning twisted nematic LC cell shown in Fig. 2.6. Figure 2.6a shows the "OFF" 

state when the twisted nematic LCs let the light pass through the polarizer. Under the 

applied voltage - in the "ON" state - ·rectified nematic LCs result in blocking the 

incoming light by polarizer as shown in Fig. 2.6b. Figure 2.6c shows the cross-section 

of the LC cell. 

Voltage off 
(c) Po Ianzer 

Po Ianzer 

Figure 2.6 Nematic LC cell with top ITO·and bottom AINP TCLs: (a) LC cell in the "OFF' 

state; (b) LC cell in the "ON" state; (c) cross-section of the LC cell. 
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2.2.3 Summary 

In summary, proposed anodic AINP TCL benefits from low-cost scalable fabrication 

method and offers tunable trade-off between the transmittance and the sheet 

resistance. The voltage used for AI anodization allows to select the average interpore 

distance, while the diameter of NPs can be controlled by adjusting the etching time. 

We have shown that the diameter of NPs dictates the transmittance of AINP TCL 

with sheet resistance <II 0 0/o, while volume of AI interconnections dictates the 

transmittance of AlNP TCL with higher sheet resistance. Unfortunately, the location 

of NPs occurs in pretty random places. This results in uneven AINP mesh breaks and 

islandisation of AI. Semi-ordering and ordering of AINP were reported to improve 

the optoelectronic performance [58-61]. However, such methods complicate the 

fabrication of AINP TCL and increase the final cost of the device. Nanoimprinting of 

AI bulk layers allows to hexagonally arrange the AlNPs, but nanoimprinting stamps 

are expensive and rigid [62]. Due to the abovementioned concerns, the optoelectronic 

performance of random, semi-ordered and uniform AlNP TCLs was theoretically 

compared against each other, state of the art ITO, AgNP and AlNP TCLs in 

Chapter Ill. 
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2.3 Fabrication of AgNW based TCL 

The AlNP TCLs with random arrangement of NPs described in the Section 2.2 

possessed the optoelectronic performance, which was only comparable or slightly 

below the commercial ITO. Hence, we decided to theoretically compare the AINP 

TCL with its main competitor among metallic TCLs- AgNW TCL. We already had 

the experimental results for NP configuration, so now our task was to experimentally 

obtain an AgNW TCL to base our model on. 

Basic fabrication flow of AgNW based TCL consists of the following steps: 

1) synthesis of AgNW s; 

2) formulation of AgNW ink; 

3) coating of substrate with AgNW ink; 

4) post-treatment to improve AgNW junctions; 

5) post-treatment to protect AgNWs on substrate. 

Depending on the requirements for the application, these basic process flow may 

include more or less steps. For instance, many research groups omit the first step and 

rely on commercially available AgNWs from companies such as Seashell 

Technology [63], though growing proprietary AgNWs allows to tune their properties 

at a much broader scale. Hereafter, a detailed method of AgNW TCL fabrication 

applied by our group will be presented. 
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2.3.1 Synthesis of AgNWs 

Variety of methods to grow AgNWs were proposed such as hydrothermal method, 

electrochemical technique, microwave-assisted process, UV irradiation technique, 

template method [64-69]. Among them, polyol synthesis of AgNW proposed by Xia 

et al [70] remains the most widely used due to low fabrication cost which consists 

almost from bare cost of materials, relatively simple process flow and compatibility 

with mass production. 

We fabricated AgNWs at 160° C in an automated synthesis system using the polyol 

process. Silver nitrate (AgN03), ethylene glycol (EG), copper chloride (CuCl) and 

polyvinylpyrrolidone (PVP) were used as starting materials. Ag nanoparticles were 

reduced from metallic salts by the EG. CuCh allowed to grow the Ag multiple­

twinned nanoparticles (AgMTP), on base of which, PVP anisotropically confined the 

growth of AgNWs in the one dimension (10); PVP passivated the side surfaces of 

preliminary bases of AgNWs- Ag nanorods (AgNR)- and let the Ag atoms diffuse 

towards the ends. Figure 2. 7 shows the synthesis mechanism proposed by Xia et al 

[70]. Requirements for lengths and diameters of AgNWs were addressed through 

controlling the reaction parameters of polyol synthesis, such as time and temperature. 

The as-synthesized AgNW s were cleaned three times in isopropanol (IP A) and then 

re-dispersed in IP A or deionized (DD water. 
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Figure 2.7 AgNW growth mechanism proposed by Xia et al [70]. (a) Evolution of an AgNR 

from an AgMTP under the PVP confinement of five twin planes. The ends of the AgNR are 

terminated by { 111 } facets, and the side surfaces are bounded by { 100} facets . The strong 

interaction between PVP and the { 100} facets is shown with a dark-grey color, and the weak 

interaction with the { 111} facets is shown with a light-blue color. The red lines on the end 

surfaces represent the twin boundaries that serve as active sites for the addition of Ag atoms. 

The plane marked with red shows one of the five twin planes that serve as the internal 

confinement for the evolution of AgNR from MTP. (b) Schematic model illustrating the 

diffusion of Ag atoms toward the two ends of an AgNR, with the side surfaces completely 

passivated by PVP. This drawing shows a projection perpendicular to one of the five side 

facets of an AgNR, and the arrows represent the diffusion fluxes of Ag atoms [70]. Reprinted 

with permission from [70]. Copyright 2017 American Chemical Society. 
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2.3.2 Fabrication of the AgNW TCLs 

AgNW ink was formulated at 3 mg/ml Ag concentration in DI water with additives. 

The AgNW ink was coated over a 150 rnrn-width PET flexible substrate on a 

Coatema® roll-to-roll (R2R) smart coater with a slot-die at a coating speed of 0.2 

m/min and was dried at 150° C through the inline oven. AgNW loading density (LD) 

was controlled by adjusting the ink feeding rate to the slot-die coater by peristaltic 

pump. The as-coated films were cut into 5 em by 5 em samples for characterization. 

Sheet resistance was measured using a Delcom Instruments® benchtop contactless 

probe. Optical measurements were performed using BYK-Gardner Haze-Gard® I for 

wavelength range 400-800 nm. Figures 2.8 and 2.9 show images from optical 

microscope (scale bar is 10 ~m) and SEM (scale bar is 200 nm), respectively, for 

AgNW with average diameter of 30 run and average length of 30 ~m. Figure 2.10 

shows the optoelectronic performance of AgNWs with average diameter of 30 run 

and different SC. 

2.4 Trade-offs and optimization of AgNW based TCL 

Since the main purpose of any TCL is to provide a good electrical contact without 

blocking light, it is safe to say that primary trade-off lies in offering the highest 

transparency at the lowest sheet resistance. However, particular application may raise 

additional restrictions and requirements, such as low or high haze (scattering of light), 

low surface roughness and high flexibility. For instance, high haze factor benefits for 
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Figure 2.8 Optical microscope image of AgNWs with average diameter of 30 nm and 

average length of 30 f.J.m synthesized by our group. 

Figure 2.9 SEM image of AgNWs with average diameter of 30 nm and average length of 

30 f.J.m synthesized by our group. 
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Figure 2.10 Optoelectronic performance of AgNW TCLs with average diameter of 30 nm, 

average length of 45 J.tm and varying SC fabri~ated by our group. 

energy harvesting applications, but reduces the quality of display applications [71]. 

Fortunately, AgNW TCLs may be considered for the broad range of applications 

owing to their tunable properties. Specific criteria can be addressed through (i) 

adjusting the geometrical features of AgNW layer- geometry of NW s and layer itself 

(focus of the thesis); (ii) and applying post-treatment of AgNW TCL. However, 

performance-related trade-offs usually relate to many compromises in geometry to 

be considered when it comes to fabrication of TCL. For instance, increasing the 

diameter of AgNWs strongly improves their electrical properties, i.e. decreases the 

sheet resistance (more in Chapter Eight). At the same time, increasing the diameter 

results in rapid growth of haze factor, since diameter is the main account 

for scattering [68]: (d! ~ H!!) +-+ (dj ~ Rsh!!). Increasing the length of AgNWs 
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strongly improves both electrical and optical properties (investigated on a broad scale 

in Chapter Eight), but length and diameter of AgNWs are correlated (aspect ratio): 

PVP in polyol synthesis confmes growth of AgNWs laterally, but only to a certain 

degree; moreover, the mechanical durability of thicker AgNWs outperforms thinner 

AgNWs which tend to fracture more during both synthesis and fabrication of TCL. 

For instance, according to our experimental results, thin AgNWs with averaged- 30 

nm usually have L- 15 Jlm or below, AgNWs with d- 60 nm -45 JliD and AgNWs 

with d - 60 run- 88 JliD and more. Long AgNWs benefit from any perspective 

(according to Chapter Eight), but usually possess thicker diameter as well which may 

be unfavorable: (L! ~ Tj, Rsh!!) ~ (L t - dt) . SC - areal concentration of 

AgNWs- strongly improves the electrical properties of TCL, but reduces the 

transmittance and increases the haze: (SCt ~ Rsh!!) ~ (Lt- T!, Ht) . 

Trade-off between transmittance and sheet resistance is most effectively addressed 

through tuning the geometry of nanostructure, i.e. the aspect ratio of AgNWs and 

their distribution; while haze and surface roughness - through post-treatment of 

AgNW TCLs. Among the methods towards effective decrease of the haze, the most 

convenient and promising rely on encapsulating of AgNWs in PEDOT:PSS [72]. 

Surface roughness of AgNW TCLs can be successfully decreased by hot-roll pressing 

or encapsulating the AgNWs in polymer [73]. Applying polymer also helps to prevent 

the degradation of AgNWs, which tend to oxidize when exposed to air [74]. However, 

many issues related to performance and stability - as high interwire junction 

resistance, degradation, weak adhesion to PET, haze factor, surface roughness- have 

not yet been fully resolved. Each of these problems poses a subject for a future work. 
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2.5 Methods to estimate the optoelectronic performance of 

metallic TCL 

2.5.1 Optimizing the sheet resistance: percolation theory 

A very brief introduction to the method of theoretical tuning of sheet resistance 

relevant for any kinds of relief transparent conductive films is presented in this 

section. Term percolation comes from Latin word percolare and signifies to filter or 

trickle through. Percolation theory, as a mathematical discipline, initiated more than 

60 years ago by S. R. Broadbent and J. M. Hammersley, still finds the application as 

incredibly useful and highly demanded approach in variety of physical and especially 

electrical researches [75] . 

Concept of the electrical conductivity of a classical percolation system was first 

developed through measuring the conductivity of a 2D system of this sort by 

measuring the resistance of a sheet of conducting paper with holes randomly punched 

through it (Fig. 2.11) [76]. The group of B. J. Last and D. J. Thouless took a sheet of 

square conducting colloidal graphite paper measuring 127 mm by each side, covered 

by a square grid of spacing 2.54 mm. It represented a square lattice of 2500 sites, 

each of which could have been in an "open" or "closed" state for electrical current. 

Holes with approximate diameter of 4 mm punched in the paper represented "closed" 

state. The holes diameter was made eventually larger than the size of the "sites" to 

avoid the problem of incomplete blocking of the bond between two neighboring 

holes [76]. 
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The holes were punched randomly in the paper according to a table of random 

numbers to determine the X and Y coordinate. The initial sheet resistance was equal 

to 42.69 x 10-s Q/o. After punching every bunch of 25 randomly located holes 

(covering 1% of total area of the conducting paper), the sheet resistance was re­

measured until it achieved the maximal value of 500 kQ/o at the critical concentration 

of holes (absence of percolation). The ratio of the conductance of the paper to its 

initial value against the concentration of holes is shown in Fig. 2.12. The conductivity 

tended to zero when the conducting channels across the paper finally disappeared, 

which occurred at the concentration of holes of 40%. This result was close to the 

estimated in accordance with the work of M. F. Sykes and J. W. Essam, "Critical 

Percolation Probabilities by Series Method" [77]. When the concentration of 

conducting sites p approaches its critical value, much of the material contributes very 

Figure 2.11 Photograph of the sheet of conducting paper where the concentration of 

holes equals to 26.8% [76]. 
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Figure 2.12 Graph of the conductivity as a function of the concentration of holes (1-p ). The 

bulk conductivity of the conducting paper is ao. The arrow shows the point at which the 

photograph of Fig. 2.9 was taken [76]. 

little to the conductivity due to the fact that the channels through it are tortuous and 

constricted. As can be seen in Fig. 2.11, although almost all the material is connected, 

the resistance is quite high because of the many constrictions of the channels or dead 

ends. More dead ends appear when the number of holes further increases [76]. 

The group of Shklovskii and Efros [78] also worked with the system consisting of 

randomly distributed metallic and dielectric region to study the critical behavior of 

conductivity and dielectric constant near the metal-non-metal transition threshold. 

The metal-non-metal transition took place when the volume fraction of the metallic 

phase approached the percolation threshold. The behavior of the conductivity and the 

dielectric constant near the threshold was described with the application of the critical 
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indexes. If the fraction of removed connections is 1-p and the critical value is pc, then 

the conductivity can be calculated by the following equation: 

(1) 

where on is the conductivity of the lattice with all bonds present. Percolating systems 

have a parameter tf> which controls the occupancy of sites or bonds in the system. At 

a critical value tf>c, the mean cluster size goes to infinity and the percolation transition 

takes place. As one approaches tf>c, various quantities either diverge or go to a 

constant value by a power law in (tf>- tf>c), and the exponent of that power law is the 

critical exponent t. While the exponent of that power law is generally the same on 

both sides of the threshold, the coefficient or "amplitude" is generally different, 

leading to a universal amplitude ratio. Fundamental work on developing the 

percolation theory and finding its critical exponents has been done 

by J. W. Essam [79]. 

2.5.2 Optimizing the transmittance: Finite Difference Time Domain Method 

The finite difference time domain (FDTD) method is a state of the art technique for 

solving Maxwell's equations in complex geometries introduced by K. S. Yee 

in 1966 [80], and which roots go back to 1928 [81]. FDTD blossom occurred when 

Yee described the FDTD numerical technique for solving Maxwell ' s curl equations 

on grids staggered in space and time. FDTD method allows to study all types of 

problems in electromagnetics and photonics in a direct time and space perspective. 
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Furthermore, FDTD allows to obtain the frequency solution by exploiting Fourier 

transforms, which opens a full range of useful optical quantities, such as the complex 

Poynting vector and the transmission, reflection and absorption of light [82]. 

FDTD is available in form of end user applications, such as from the Lumerical 

company [83]. Being a high performance three-dimensional (3D) FDTD-method 

based Maxwell solving instrument, it allows to analyse the interaction of UV, visible, 

and infra-red (IR) radiation for complicated structures employing wavelength scale 

features. Currently, FDTD method is on peak of high demand and popularity, as can 

be estimated, for instance, though the continuous growing number of publkations 

based on Lumerical FDTD Solutions instrument- which has been referenced in more 

than 6500 academic publications and patents [83]. 

As it was mentioned earlier, FDTD method solves Maxwell's curl equations in non-

magnetic materials: 

al5 
at VxH 

aii 1 ~ 
-= --VxE at llo 

(2) 

(3) 

(4) 

where H, E, and D are the magnetic, electric, and displacement fields, respectively, 

while cy{w} is the complex relative dielectric constant (cy{w) = n2, where n is the 

refractive index). 

In 3D, Maxwell equations have six electromagnetic field components: Ex, Ey, Ez and 

Hx, Hy, and Hz. If we assume that the structure is infmite in the Z dimension and that 

the fields are independent of Z, specifically that: 
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c:,.(w,x,y,z) = c:,.(w,x,y) (5) 

at= ali= 0 az az (6) 

Then Maxwell's equations splits into two independent sets of equations composed of 

three vector quantities each of which can be solved in the X-Y plane only. These are 

termed the TE (transverse electric), and TM (transverse magnetic) equations. We can 

solve both sets of equations with the following components: TE: Ex, Ey, Hz; TM: 

Hx, Hy, Ez. For example, in the TM·case, Maxwell's equations reduce to: 

aDz aHy aHx 
(7) -=---

at ax ay 

D2 (w) = c:0c:,.(w)E2 (w) (8) 

aHx 1 aEz (9) ---
at llo ay 

aHy _ 1 aEz 
(10) ---

at llo ax 

The FDTD method solves these equations on a discrete spatial and temporal grid. 

Each field component is solved at a slightly different location within the grid cell 

(Y ee cell), as shown in Fig. 2.13 [80]. By default, data collected from the FDTD 

solver is automatically interpolated to the origin of each grid point, so the end user 

does not have to deal with this issue in their analysis [83]. 
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X 

Figure 2.13 The Yee's Cell used for the FDTD modeling [84]. 

In most FDTD calculations, rectangular Cartesian style meshes are applied and all 

fundamental simulation quantities (material inherent properties, geometrical data, 

electric and magnetic fields) are calculated at each mesh point. It is obvious that 

using a smaller mesh allows a more precise and accurate representation of the system, 

but at a significant increment of calculation time. As the mesh becomes smaller, both 

simulation time and memory requirements will increase. It is relevant for any 

instrument ofFDTD calculations. In our calculations, we used mesh size from 2.5 nm 

to 10 nm, depending on the situation. The algorithm we applied for FDTD 

calculations can be described by the following steps: 

1) Set space and time parameters: Yee lattice, materials, geometry of TCL, light 

source, boundary conditions and light monitors. 

2) Calculate the electric and magnetic field coefficients for every node of the 

unit cell. 

3) Calculate the electric field node at timet= 0. 

4) Calculate and update the magnetic field at time (n + ~) l!!.t. 
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5) Calculate and update the magnetic field at time (n + 1) M. 

6) Increase the time by 1: n = n + 1. 

7) Repeat steps 4 to 6 until light propagates through the whole Y ee lattice. After 

step 6, application calculates how much total energy left the simulation 

region. If total remaining energy in the simulation region Er after step 6 is less 

than shutoff level oo-s part of the initial energy in our case), the program 

stops the calculation. 
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Chapter III 

Distinction in optoelectronic performance between random 

and ordered configurations of AINP TCLs 

3.1 Introduction 

As we have mentioned in the introductory chapter, the cost and relative scarcity of 

indium as a material generates a demand for searching the alternatives to ITO TCLs 

based on other materials [85]. In order to be competitive on TE market, TCLs should 

provide an optoelectronic performance similar or exceeding the ITO: high optical 

transmittance >80% and low sheet resistance <100 nlsq [86]. Current trends in 

electronics dictate additional values like flexibility, scalability of fabrication and low 

cost. Variety of novel TCLs based on materials ranging from carbon nanotubes 

[42, 43], graphene layers [38-41] and zinc oxides [87] to organic polymers [36, 37], 

ultrathin metallic layers [ 44-48] and metallic networks [50-52] were claimed as 

possible TCL candidates. However most of these TCLs are either immature to fully 

replace the ITO or their manufacturing is too complicated to bring them for mass 

production [13, 43, 53] . Ultrathin layers of metals with thickness ranging from 1~ 

50 nm are the most straightforward TCLs which can transmit up to 50% of incoming 

light in the visible spectrum [88]. Changing the geometry of metallic layers was 

demonstrated to improve their optoelectronic properties close to ITO [22, 89-92]. 

Introduction of geometrical patterns on metals at micro- and nanoscale usually 

involves expensive vacuum-based processes as lithography, which limits the 
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competitiveness of such layers due to costs involved and difficulty of organizing the 

mass production. 

However, main research focus was concentrated on the uniform patterns while much 

less attention was paid to the random ones. This chapter presents the detailed 

theoretical study of random NP TCLs and their comparative analysis with ordered 

structures. Furthermore, the abovementioned structures were compared based on 

three metals - AI, Au and Ag - in order to compare TCLs based on weak and strong 

plasmonic response. 

3.2 Methodology for comparing random and ordered AINP TCLs 

Ultrathin 10 nm layers of AI, Au and Ag on 1 x 1 cm2 glass substrate were used in this 

theoretical study. We have selected 10 nm ultrathin layers of metals in order to get 

high optical transmittance based on the observations from the sections 1.4 and 2.2. 

At first, cylindrical full-depth NPs uniformly (hexagonally) penetrated the metallic 

layer parallel to Z axis. Then, the locations of NPs were randomly distributed 

according top + dp distribution, where p is NP initial position within the hexagonal 

arrangement and dp is random deviation along XY plane. Each NP radius was 

obtained by adding of deviated value to initial radius according tor+ dr. Normal and 

uniform distributions were applied to obtain dp and dr. In order to mimic the real 

AINP structure obtained via electrochemical anodizing and etching, the normal 

distribution had a broader pool of dp and dr. A commercial-grade simulator based on 

the FDTD method was used to perform the optical calculations [83]. The incident 

light in visible spectrum was distributed along Z axis. The periodic boundary 
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conditions and perfectly matched layers were applied perpendicular and parallel to Z 

axis, respectively. Mesh size was set to 5, 5 and 2.5 nm in X, Y, and Z directions, 

respectively. Each NP arrangement was simulated three times for arbitrarily chosen 

position of l5x 15 ~m2 simulation area in order to justify the reproducibility of optical 

properties. 

The sheet resistance was calculated using the percolation theory model [80]. 

According to this theory the following equation was used: 

(3.1) 

where uo is the conductivity of metal, ¢!is the volume fraction of nanostructured 

metal film, tPcrit is the volume fraction threshold when the nanostructured film 

transforms from insulator to conductor, his the thickness of the metal film and tis 

the critical exponent. 

The optical properties of metallic NP TCLs depend on two types of interaction of 

incoming photons with free electrons in the metal lattice [93]. First type, localized 

surface plasmons (LSPs), takes place when the nanopatterns are optically isolated 

from each other. In this case an enhanced electric field appears around the patters, 

which, in turn, influences on the photon-electron relation. Second type, surface 

plasmon polaritons (SPPs), takes place when the nanopatterns are optically close to 

each other, which allows electromagnetic waves propagate along the patterns. 

Therefore, the metallic NP layers presented are subject to the first, second or coupled 

relation types depending mainly on the geometry of the NPs. 
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Figure 3.1 shows the models of metallic NP TCLs build with two approaches to 

separately and simultaneously observe two behaviours: 

1) first approach (Apl) will estimate the dependence of optoelectronic 

performance of metallic NP layers only on the radius of NPs (Fig. 3.1a-c); 

2) second approach (Ap2) will estimate the dependence of optoelectronic 

performance of metallic NP layers on both the radius of NPs and the interpore 

distance (Fig. 3.ld-t). 

Figure 3.1 Metallic NP TCLs with various arrangements of NPs: (a) uniform interpore 

distance and diameter of NPs; (b, c) uniform interpore distance and random diameter of NPs, 

obtained by uniform and normal distributions, respectively; (d) random interpore distance 

and uniform diameter of NPs; (e, f) random interpore distance and diameter of NPs, obtained 

by uniform and normal distributions, respectively. These six arrangements ofNPs were used 

for each of the metals: AI, Au and Ag. 
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The models shown in Fig. 3.1 are relevant for all three metals used in our theoretical 

study. Table 3.1 shows six configurations of metallic NP TCLs from the perfectly 

uniform (hexagonal) La to the most chaotic Lf. 

Table 3.1 Geometrical parameters of metallic NP TCLs. 

0 
[ -8, 8] 
(0, 6) 

0 
[ -8, 8] 
(0, 6) 

Deviation of the 
interpore distance dp 

[nm] 

0 
0 
0 

[~20, 20] 
[-20, 20] 
(0, 10) 

The radius of NPs, interpore distance and metal layer thickness were fixed: 33, 100 and 10 

nm, respectively. In square brackets [-a, b)- ~niform distribution in range form -a to b. In 

round brackets (a, b) - normal distribution with mean a and standard deviation b. 

3.3 Results and discussion for random and ordered AINP TCLs 

Figure 3.2a-c shows the optical properties of AlNP layer for scenario Apl, where 

parameters of the layer are shown in Table 3.1. The transformation of the radius of 

NPs from uniform to random resulted in decrease of the transmittance. As we can 

see, the transmittance drop is almost entirely determined by the absorbance. Further 

disordering (Ap2) of the pattern shown in Fig. 3.2d-f provoked continuous 

transmittance drop, where the influence of reflectance becomes noticeable. 

Surprisingly, the deviation of NP radius dr influenced the optoelectronic 

performance less significantly compared to the deviation of location. 
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Figure 3.2 Optical properties of AI NP TCLs. The names of the curves (a-f) correspond to 

layer configurations La - Lf from Table 3 .1. 

It is well known that Au and Ag possess strong surface plasmon (SP) resonance in 

visible optical range [93, 94]. Therefore the influence of disordering on NP TCLs 

made from these metals attracts interest to investigate and compare to AlNP TCL 

with negligible SP resonance. Figure 3.3 demonstrates the optical properties of Au 

and Ag NP TCLs obtained according to Ap2. Apl scenario was omitted since it 

changes the optical properties less significantly. To be mentioned firstly, the 

transmittance drop for Au and Ag NP TCLs is much larger in comparison with Al NP 

TCL. Secondly; the transmittance drops in visible range only where SP resonance 
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Figure 3.3 Optical properties of Au and Ag NP TCLs. The names of the curves (a-f) are 

related to layer configurations La- 4 from Table 3.1. 

Table 3.2 Optical properties of metallic NP TCLs. 

8.85 
16.12 13.51 10.3 

T 47.41 73.71 73.98 
R 31.91 10.53 12.01 
A 20.68 15.76 14.56 14.01 
T 46.15 52.39 73.66 75.19 73.70 
R 31.92 28.63 10.68 10.74 12.34 
A 21.93 18.98 15.66 14.07 13.96 
T 48.1 55.87 75.61 77.37 74.84 
R 34.81 30.23 10.07 9.78 11.91 
A 17.09 13.90 14.32 12.85 13.25 

"T", "R" and A" - transmittance, reflectance and absorbance, in %, respectively. "vis": 

optical spectrum from 400 to 750 nm; "plasm" : optical spectrum from 400 to 600nm for AI, 

500 to 750 nm for-Au. "vis*" ="plasm" in case of Ag since it possesses strong plasrnonic 

properties in whole visible spectrum. 
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takes place: at 550-7 50 nm for Au and at 400-7 50 nm for A g. Thirdly, in case of these 

metals the contribution of reflectance and absorbance in transmittance decrease is 

comparable. Finally, optical performance curves for Au and Ag NP TCLs tend to 

shift towards longer wavelengths when NP arrangement changes from ordered to 

more chaotic. Table 3.2 sums up the optoelectronic performance of all metallic NP 

TCLs, where the transition of optical properties under the influence of disordering of 

NPs is well observable. In case of Al above mentioned effects have less importance 

due to the fact that its plasmon resonance range is located in ultraviolet (UV) range 

[94]. 

In 1958 P. W. Anderson suggested an explanation of the localization of electrons 

inside semiconductor having large amount of impurities [95]. Later, so-called 

Anderson localization was used to describe the diffusion of the optical waves in 

random structures [96]. Photons are being trapped in certain regions where 

constructive interference takes place. Indeed, it can be seen in Fig. 3.4 that random 

structure has definite areas of high electric field intensity, while uniform one has 

straight lines directed along electric field vector. This indicates reduction of SPPs 

propagation length; thus, LSPs effect becomes dominative, which, in turn, is followed 

by the increase in absorbance and reflectance. 

According to percolation theory (/Jcrit is a key value influencing on the sheet resistance 

when compare the random and the uniform (hexagonal in current Chapter Three) 

structures and is equal to 0.4 [76] and 0.1, respectively. Figure 3.5 shows the trade­

off between the average transmittance and the sheet resistance in range 
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from 400 to 750 nm. In case of AI it can be seen that only uniform design of NPs 

demonstrates optoelectronic properties close enough to state of the art ITO - around 

80% average transmittance at 20 n!o sheet resistance, while the random patterns can 

achieve maximum of 55% average transmittance at the same 20 nlo sheet resistance. 

Random AINP TCLs have percolation threshold at the state when the transmittance 

is around 60%, so it very hard to obtain conductive AINP TCL with transmittance 

above 60% without using the ordering techniques such as imprinting [59]. Moreover, 

even the ordered AINP TCLs cannot outperform state of the art ITO TCL. 
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Figure 3.4 Electric field intensity distribution of random and ordered Ag NP TCLs 

at 600 nm wavelength. XY plane shown at the center of the Ag layer along Z. 

Significantly different situation takes place if use Au and Ag: the uniform patterns of 

these metals can reach the average transmittance of around 90% at 20 Ohrnlsq sheet 

resistance and the random ones possess around 70-80% at same sheet resistance. 
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However, neither Au nor Ag allow convenient method for NP TCL fabrication as in 

case of AI. Hence, AlNP TCL remains an attractive solution as low-cost flexible TCL 

for less performance-demanding optoelectronic applications. While uniform AlNP, 

AuNP and AgNP TCLs outperform the random AlNP TCL, the cost of fabrication 

may offset their benefits compared to ITO and other alternative TCLs such as AgNW 

TCL. 
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Figure 3.5 Average transmittance versus sh~et resistance of randm:.n and ordered NP AI (a), 

Au (b) and Ag (c) TCLs in wavelength range of 400 to 750 nm. 

3.4 Summary 

The distinction of the optoelectronic properties between random and ordered metallic 

NP TCLs was studied. Disordering of the NP radius and especially of the interhole 

distance reduces their transmittance and increases the absorbance due to the 
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shortening of SPPs propagation length. Sheet resistance, in turn, drops due to increase 

of the percolation limit {/Jcrir. i.e. the ratio between NP radius and interpore distance is 

significantly lower in case of random structures. Results indicate that both random 

and ordered Au and Ag NP TCLs possess optoelectronic parameters comparable to 

ITO, while in case of Al these parameters can be obtained only with ordered 

patterning. Random AlNP TCLs with transmittance around 60% at sheet resistance 

20 Q/o are attractive as low-cost flexible TCLs for less demanding applications. 
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Chapter IV 

Optoelectronic performance optimization for transparent 

conductive layers based on randomly arranged silver 

nanowires 

4.1 Introduction 

Metallic NW meshes made themselves to be promising alternative to indium tin oxide 

(ITO) transparent conductive layers [97 -100]. Latest experimental results show that 

optoelectronic parameters of such meshes fabricated from AI and Ag can reach values 

of up to 95% transmittance at 3 Ohrnlsq sheet resistance [101]. Main factors 

influencing on optoelectronic performance are material, shape, dimension, density 

and arrangement of rods. Randomly arranged AgNW meshes are currently prevailing 

due to their fabrication simplicity and low cost. Chemical, template-directed or 

lithographic methods are used for NW preparation; while spin, Meyer rod, dip, spray 

and others coating methods are applied for NW deposition [102-111]. Cylindrically 

shaped NWs of 30, 60 and 90 nm diameter and 15-40 J.lm length are typically 

implemented within experimental studies [97-100]. Unfortunately, the total period of 

the research of random NW networks was increased by long calculation time due to 

large simulation unit cell area. Application of new generation supercomputers can 

decrease this process duration down to few months. With the use of the 

supercomputer we managed to obtain full tl1eoretical investigation of optoelectronic 

performance of randomly arranged AgNW mesh within visible wavelength range. In 
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result, trade-off between transmittance and sheet resistance as well as influence of 

NW crossing angle on optoelectronic performance were investigated for various rod 

diameters and their densities. Moreover, the distinction between randomJy and 

uniformJ y arranged NW s was demonstrated. 

4.2 Methodology for distributing and comparing random 

AgNWTCLs 

The optical properties were simulated using the FDTD method which is commercially 

available within Lumerical software [83] . The incident light is distributed along Z 

axis. The simulation area was narrowed to unit cell. Its size along X and Y axes was 

set to interwire distance a in case of regular NW pattern, while for meshes with 

random NW arrangement this area was taken as 10 x 10 f.U112
. The area of 10 x 10 f.U112 

was selected as minimal satisfactory area which resembles experimental samples. 

Moreover, the simulation of randomly arranged ones was performed three times for 

arbitrarily chosen unit cell position in means of verifying the reproducibility of mesh 

model properties. The periodic boundary conditions and perfectly matched layers 

were applied parallel and perpendicularly to Z axis correspondingly. Mesh size for 

metallic layer was set to 10, 10 and 5 nm in X, Y, and Z directions, respectively. 

The sheet resistance ts calculated by percolation model from refs [76, 112]. 

According to this model the sheet resistance is given by: 

(4.1) 
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where llo is the conductivity of metal, qJJ is the volume fraction of patterned metal 

layer, (/Jcrir is the volume fraction threshold when the conductivity of patterned metal 

layer is zero, h is the thickness of the metal layer and t is the critical exponent. 

4.3 Results and discussion for random AgNW TCLs 

Figure 4.1 demonstrates a geometrical model for distribution of uniformly (a) and 

randomly (b, c) arranged NWs along X-Yplane. Whole NW bunch is lying on glass 

substrate within the same plane perpendicular to Z axis. Regularly arranged NWs 

cross with each other at the angle a = 90° and have i horizontal by j vertical NW 

configuration with interwire distance a. Each NW in randomly arranged mesh was 

subjected to the following procedures to resemble the experimental results in [97] : 

1) arbitrary shift along X and Y axes for the distance ranging from -115 to 1/5 of NW 

length; 2) arbitrary tilt along X and Y axes for the angle ad ranging from -90 to 90°. 

(a) 

- r·· ···: 
' 

' ·-- ' 
Simulation cell 

vlQ ~90 ~ 
X 

Figure 4.1 Geometrical model for distribution of regularly (a) and randomly (b, c) arranged 

NWs along X-Y plane, where (b) and (c) differ by NW density. Red rectangles are unit 

simulation cells equal to a2 and I Ox I 0 11m2 for unifori'Jl and random NWs, re~pectively . 
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The difference of q_Jfand qJcrir for randomly arranged NWs: 

(Nt)Vc 
cl>r - cl>crit = V. 

uc 

(4.2) 

where (N/ ), Ncrir. Vc and Vue are the effective number of NW crossings, the critical 

number of NW crossings required for conduction appearance, the NW crossings 

volume and the unit cell volume, respectively. It should be mentioned that conduction 

of NW mesh happens if there is at least one NW crossing. In our simulations with 

random mesh the effective NW crossing number (N;*) is varied from 17 to 717 and, 

thus, the critical NW crossing number Ncrit is negligible and can be ignored. Figures 

4.2(a) and 4.2(b) show the calculated distribution of (N/ ) value for 4 by 4 and 9 by 9 

NW configurations, i.e. total of 8 and 18 NWs accordingly. The average quantity 

(N/ ) is 6% larger than its value for uniformly arranged NW amount N. 
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Figure 4.2 Calculated values of NW crossings number (N;*} (a, b) and effective length of 

NW crossings (l/ ) (c, d) . 

Crossings volume Vc for randomly arranged NWs: 

(4.3) 

Where, r and (li) are NW radius and effective length of NW crossings respectively. 

Fig. 4.2(c) illustrates the calculation model of (li). According to this model: 

2r 
~~ =---

t sinCaa 
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where ai is the angle of NW crossing. As can be seen in Fig. 2(d), the average value 

of sin(aa is- 0.647. Taking into consideration Eqs. 4.1-4.4, the sheet resistance is 

modified to the following equation: 

1 ( Vue )t 
Rsh = h<J

0 
3.277xrrr3 N 

(4.5) 

Fig. 4.3 shows the dependence of transmittance versus wavelength for different SC 

of randomly arranged NWs with 50 nm radius. The value of critical exponent can be 

varied from 1 to 2 according to ref. [76]. We believe that the critical exponent t 

depends on the NW mesh annealing process, i.e. NW mesh annealing time and 

temperature, and can significantly change the sheet resistance. We have taken t = 1.01 

to satisfy the experimental data from ref [97]. Figure 4.3(a) illustrates the 

experimental results taken from ref [97], while the simulated ones demonstrated in 

Fig. 4.3(b) were calculated using the above mentioned model. As can be seen, the 

simulated values for transmittance and sheet resistance are in good agreement with 

the experimental data. A uniform broadband transmittance is observed for 

wavelengths longer than 400 nm, while decrement due to the localized surface 

plasmon resonance is in range of 325-400 nm. We have successfully implemented 

the abovementioned model in series of publications [ 113-117]. 
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Figure 4.3 Transmittance versus wavelength dependency for different SC of randomly 

arranged NWs. (a) Experimental results from ref. [97] (b) Simulated results based on FDTD 

and percolation models. 

Figure 4.4(a) illustrates the optical properties of NW grid for the absolute value of 

the angle deviation ladl ranging from ' 0 to 90o, where ad = 0 and ad > 0 are for 

uniformly and randomly arranged NWs respectively as shown in Fig. l(a) and l(b). 

The values of NW radius rand SC were 50 run and 35%, respectively. Two regions 

of transmittance can be emphasized: (1) 0 < ladl s 40 and (2) 40 < ladl s 90. Higher 

transmittance of 80-85% is observed for 440-700 nm wavelength in the first region. 

At the same time, the considerable transmittance decrement for ranges of 325--400 

and 740-900 nm is provoked by absorbance and reflectance increments respectively. 

Flattening of optical properties takes place over whole wavelength range in second 

region, especially after 400 nm. In this range, the transmittance has no peak due to 

breaking of lattice constant periodicity. The influence of NW radius ron their optical 

parameters is demonstrated in Fig. 4.4b. The values of NW angle deviation absolute 

value ladl and SC were 90° and 35%. The transmittance is varying slightly up tor= 
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35 nm, while 30% decrease is observed for r::::: 35 nm. The above-mentioned drop is 

mainly induced by 30% increase of absorbance and reflectance in ranges of 300-400 

and 400-700 nm, respectively. 
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Figure 4.4 (a) Influence of the angle deviation ladl on the optical properties of NW grid. The 

NW radius rand SC parameters are 50 nm and 35%, respectively. (b) Influence of the NW 

radius ron the optical properties of NW grid. The NW angle deviation absolute value 1~1 and 

SC parameters are 90° and 35% respectively. 

Figure 4.5 shows the dependence of the NW radius r in range from 10 to 100 nm and 

the NW number in range from 4 to 26 NWs on the average transmittance in the visible 

wavelength range (left) and the sheet resistance (right). Tuning the combination of 
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the NW radius and the NW number allows to find the trade-off for optoelectronic 

applications in terms of transmittance and sheet resistance. For example, the 

transmittance of -90% and the sheet resistance of -10 Ohm/sq- which is attractive 

for TCLs- can be obtained at the ratio [NW number I NW radius]= [6 I 60] or [14 I 

30] or [24 I 20]. The optoelectronic performance can be further improved through 

optimizing of AgNW annealing process to decrease the sheet resistance. In case of 

simulation the model should be modified for the critical exponent tin Eq. (4.4) to 

include the parameters of annealing time and temperature. 
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Figure 4.5 the influence of the NW radius r and the NW number on the average 

transmittance in the visible wavelength range (left) and the sheet resistance (right). 

4.4 Summary 

The optoelectronic performance of randomly arranged AgNWs was simulated and 

studied. The calculation models for optical and electronic properties were proposed 
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based on FDTD method and percolation theory respectively. Obtained simulation 

results were brought to good agreement with experimental data. 

We have shown the influence of NW crossing angle deviation on the transmittance 

of AgNW TCL as well as the trade-off between transmittance and sheet resistance 

depending on the quantity and radius of NWs. Our results grant the opportunity to 

select an appropriate quantity and radius of AgNWs for each specific TCL. We have 

shown that same optoelectronic performanc~ may be obtained at various sets of these 

two parameters. The properties of AgNW TCLs make them promising for broad 

range of optoelectronic applications, especially for flexible TCLs. 
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ChapterV 

Comparative analysis of opto-electronic performance of 

aluminium and silver nano-porous and nano-wired layers 

5.1 Introduction 

Two common types of the nanopattemed Layers, which are NPs and NWs, were 

investigated for being used as TCLs [44, 92, 100, 118, and 119]. lnterpore/interwire 

distance, NP/NW diameter and thickness of the patterned Layer can be modified to 

obtain various application specific transmittance and sheet resistance. For example, 

the transmittance of97% and the sheet resistance of only 3 Ohm/sq was demonstrated 

in case of AgNW TCLs [120]. However, it is still unclear which type of the 

nanopattemed layers can possess better optoelectronic performance. In this chapter, 

we present a theoretical comparison of the optoelectronic properties between NP 

layers with square and hexagonal arrangement of the NPs and uniformly arranged 

NW layers for Aland Ag .. We have shown that NW configuration ~xhibits higher 

average transmittance in visible wavelength range at the same level of sheet 

resistance than both square and hexagonal NP designs. 
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5.2 Methodology for comparing NP and NW TCLs 

Figure 5.1 shows the geometrical models for NP and NW layers on glass substrate. 

NPs were arranged squarely (NPsq) and hexagonally (NPhex) with interpore distance 

a and diameter of pored [Figs. 5.l(a) and 5.l(b), respectively], while NWs were 

uniformly arranged with the interwire distance a and width of wires w. The simulation 

area was narrowed to the unit cell, which size along X and Y axes was set to the 

interpore/interwire distance a for the squarely arranged NP and NW layers. In case 

of the hexagonally arranged NP layers the unit cell was set to a and a x ./3 along X 

and Y axes, respectively. 

(c) 

:·- ..... 
. . 
i~- . 

Smula ·()ric ~II 

G 
g90 

Figure 5.1 Geometrical models of the following metallic TCLs: squarely (a) and hexagonally 

(b) arranged NP TCLs with interpore distance a and diameter of pores d; (c) uniformly 

arranged NW TCL with the interwire distance a and the width of wires w. Red rectangles are 

the unit simulation cells, which are equal to a2 for the NPs with square arrangement and NW s 

and a 2 x ./3 for NPs with hexagonal arrangement, respectively. 

The optical properties were simulated using the FDTD which is commercially 

available within Lumerical software [83]. The incident light ranged from 300 to 900 
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nm and was distributed along Z axis. The periodic boundary conditions and perfectly 

matched layers were applied paraUel and perpendicular to Z axis, respectively. Mesh 

size for metallic layer was set to 10, 10 and 5 nm in X, Y, and Z directions, 

respectively. 

The sheet resistance was calculated by percolation theory model in accordance to 

[76, 121 , and 122], which is given by the following equation: 

(5.1) 

where on is the conductivity of metal, <his the volume fraction of patterned metal 

layer, t/lcrir is the volume fraction threshold when the conductivity of patterned metal 

layer is zero, his the thickness of the metal layer and tis the critical exponent. Above 

mentioned methods were successfully applied by our group in several research 

articles [ 113-118]. 

5.3 Results and discussion for AI and Ag NP and NW TCLs 

The distinction of opto-electronic properties between uniformly and randomly 

arranged NP layers was previously studied by our group in [118] . It was shown that 

layers with uniform arrangement of NPs possess higher transmittance (up to 15%) 

and lower sheet resistance (down to 12 times) compared to random configuration of 

NPs. Due to these reasons, the randomly arranged NP layers were excluded from the 

current paper. The thickness of NP and NW layers from 10 to 100 nm is typically 
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implemented within experimental studies [92, 94, 97, 112, 123-125]. The height (h) 

of the NW TCL is dictated by NW diameter equal to 60 nm. The shortest distance 

between edges of two nearest NPs and the width of NWs, which are equal to the 

distance win Fig. 5.1, was set to 60 nm and was kept fixed for all simulations, while 

the interpore/interwire distance a was varied from 8 f.Lrn to 80 nm. Such 

interpore/interwire distance was chosen in order to analyze the optoelectronic 

properties for two regions: interpore/interwire distance less than (i) and larger than 

(ii) incoming wavelengths. The decrease of a, while keeping w fixed, results in 

decrement of open area. For instance, the open areas for NW layers with a of 8 f.Lm 

and 80 nm are equal to 98.51 and 6.25%, respectively. The concentration ofNPs and 

the concentration ofNWs were calculated per area of 8x8 f.Lm 2, where the minimum 

amount of NPs (one) and NWs (two: one along X and one along Y axes to make one 

intersection) is at a= 8 f.Lm and the maximum amount of NPs (100) and NWs (200: 

100 along X and 100 along Y axes to make 100 intersections) is at a= 80 nm. The 

open area of NP TCL was calculated as the total area of NPs, depending on the w and 

d of NPs. The open area of NW TCL was calculated as total area- area shadowed by 

NWs +area shadowed by NW crossings (NWcrs). The last component was added 

since each NWcrs is a joint of two nanowires. Area shadowed by NWs depends on 

the number ofNWs and their diameter. 

Figure 5.2 shows the influence of the concentration of NPs (CNP) and 

concentration of NW crs (CNwcrs) on the transmittance of AlNP and AlNW layers for 

the wavelength range from 300 to 900 nm. The average transmittance of squarely 

arranged AINP layers in visible spectrum decreases from 75 to 2.25% when the 

concentration of NPs increases from 1 to 50, while the hexagonal arrangement of NPs 
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possesses higher average transmittance, which decreases from 85 to 2.5% when CNP 

increases from 1 to 50. AINW TCL outperform AlNP TCL and demonstrate the 

average transmittance ranging from 95 to 5% when CNWCI'll increases from 1 to 50. 

The maximum difference of the transmittance between AlNPsq and AlNPhex against 

AINW layers, which is 20 and 10% respectively, is observed at the concentration of 

NPs and NW crs equal to one. This difference decreases with the increment of 

concentration of NPs and NW crs and becomes insignificant at CNPs = CNWcrs = 50 (less 

than 2.5% ), which is explained by the decrement of open area. Dips of the 

transmittance in range from 300 to 400 nm are related to LSPs which are oscillations 

of electrons inside NPINW layers along the distance between edges of two NP and in 

crosswise direction to the individual NWs [99]. Another dip of the transmittance from 

700 to 800 nm is due to interband electron transition in Al [126]. Continuous 

decrement in the transmittance from 450-850 nm is attributed to SPPs, which excite 

and propagate along the NWs and metal tract between the neighboring rows of NPs 

[99]. Specific dip of the transmittance is observed only for NP layer in range from 

560 to 620 nm, which can be explained by interference between LSPs traveling in 

opposite directions along the distance between edges of two pores. 

Figure 5.3 shows the influence of the concentration of NPs and concentration of 

NW crs on the transmittance of A gNP and AgNW TCLs for the wavelength range from 

300 to 900 nm. The average transmittance of squarely arranged AgNP layers in 

visible spectrum decreases from 75 to 20% when the concentration of NPs increases 

from 1 to 50, while the hexagonal arrangement of NPs possesses higher average 

transmittance, which decreases from 86 to 23.2% when CNP incteases from 1 to 50. 
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Figure 5.2 Dependence of the transmittance of AlNP and AlNW layers on the concentration 

of NPs with square (a) and hexagonal (b) arrangement and the concentration of NWcrs (c) 

for wavelength range from 300 to 900 nm. Note: one NWcr requires two NWs, two NWcrs 

require four NWs, etc. 

AgNW TCLs outpeiform AgNP TCLs and demonstrate the average transmittance 

ranging from 95 to 32.7% when CNwcrs increases from 1 to 50. The maximum 

difference of the transmittance between AgNPsq and AgNPhex against AgNW layers 

is observed at the concentration of NPs and NW crs equal to one, which is same as in 

case of AI layers (see Fig. 5.2) and is 20 and 10%, respectively. This difference 

decreases with the increment of concentration of NPs and NW crs and becomes equal 

to 12.7 and 9.5% between AgNPsq and AgNPhex TCLs against AgNW TCL, 

respectively, which is up to 27% higher in · comparison to AI layers. This can be 

explained by higher quality factor of surface plasmons for AgNP/AgNW layers, 

which increases the momentum matching between wavevectors of photons and SPPs, 

resulting in enhanced transmittance. Dips of transmittance for AgNP/AgNW layers 

can be explained in the same manner as for AINP/AINW layers: (i) dips of the 

transmittance in range from 300 to 450 nm are related to LSPs; (ii) continuous 

decrement in the transmittance from 450-850 nm is attributed to SPPs; (iii) specific 
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dip of the transmittance in range from 560 to 620 nm related to the interference 

between LSPs traveling in opposite directions along the distance between edges of 

two pores. There is no dip of the transmittance from 700 to 800 which is related to 

interband transition only for Al. 
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Figure 5.3 Dependence of the transmittance of AgNP and AgNW layers on the concentration 

of NPs with square (a) and hexagonal (b) arrangement and the concentration of NWcrs (c) for 

wavelength range from 300 to 900 nm. Note: one NWcr requires two NWs, two NWcrs require 

four NWs, etc. 

Figure 5.4 illustrates the dependence of the sheet resistance against the average 

transmittance in visible wavelength spectrum for AI (left) and Ag (right) NP/NW 

TCLs. Significant difference between AlNP and AlNW layers becomes evident since 

the sheet resistance equals to 3 Ohm/sq. In case of AgNP and AgNW layers this 

difference takes place at around 1.5 Ohm/sq, which is explained by higher bulk 

conductivity on of Ag: 6.3 x107 S/m versus 3.5x i07 S/m for AI (45% difference). NW 

TCL configuration possessess the transmittance higher by 10 and 20% than NP 

configurations with hexagonal and square arrangement, respectively. For instance, at 

the sheet resistance of 5 Q/o the transmittance of NW layer is 90%, while 
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hexagonally and squarely NP layer have the transmittance of only 80 and 70%, 

respectively. Interestingly, the values of the transmittance are almost similar for both 

AI and Ag at the sheet resistance larger than 20 Q/o. This effect takes place when 

interpore/interwire distance becomes longer than the wavelength of the incoming 

light (in our case ~ 800 nm), resulting from decrease of influence of LSPs and SPPs 

on the transmittance. Another behavior is observed at the interpore/interwire distance 

.:S 800 nm: the transmittance of Ag layers is higher by -20 and -30% in comparison 
) 

with AI layers for NP and NW TCLs, respectively. Thus, metals with higher quality 

factor of the SP possess better transmittance for the nanoscale interpore/interwire 

distance of NP/NW layers. 
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Figure 5.4 Sheet resistance versus average transmittance in visible wavelength spectrum for 

AI (left) and Ag (right) NPINW TCLs. 

5.4 Summary 

The theoretical comparison of the optical and the electronic properties between the 

squarely and hexagonally arranged NP TCLs and the uniformly arranged NW TCLs 
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formed from AI and Ag was presented. NW configuration possesses 20 and 10% 

higher average transmittance in the visible spectrum in comparison to the square and 

hexagonal NP designs, respectively. The difference of the transmittance for AI and 

Ag NPINW layers is insignificant at the interpore/interwire distance larger than 

wavelengths of incoming light. This difference becomes considerable at the 

interpore/interwire distance of subwavelength range, resulting in up to 27% higher 

transmittance of Ag NPINW layers in comparison to AI ones, which is due to the 

stronger quality factor of the surface plasmons for Ag. The given results grant the 

opportunities for more detailed analysis of the type and material of the nano-pattemed 

transparent conductive layers chosen for different optoelectronic applications, such 

as displays and solar cells. 
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Chapter VI 

Towards theoretical analysis of optoelectronic performance 

of uniform and random metallic nanowire layers 

6.1 Introduction 

Various NW materials and geometrical parameters of NW meshes were investigated 

in order to obtain the desired transmittance and sheet resistance [13, 21, 24, 36-53, 

118, 119]. Currently, Ag wired layers with uniform arrangement demonstrated the 

transmittance of 95% at the sheet resistance of 3 Ohm/sq [98]. Moreover, several 

groups have reported that Ag and other metallic wired layers can be highly flexible 

and stretchable as well [127-134]. Surprisingly, the random NW layers may possess 

similar or lower sheet resistance compared to uniform layers [135]. However, the 

effect of NW arrangement on the transmittance still needs to be studied. Here we 

demonstrate a theoretical analysis of optical and electronic properties of Ag and AI 

NW layers with both uniform and random configurations. Our results indicated that 

metallic random NW transparent conductive layers benefit in optoelectronic devices 

demanding lowest sheet resistance, such as SCs and LEOs. 

6.2 Methodology for comparing random and ordered NW TCLs 

Figure 6.1 shows the geometrical models of uniform and random metallic NW layers 

on the glass substrate. NWs were spread across the glass within XY plane. The 

98 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



uniform NW s were set to diameter d = 60 run, length I = 40 ~-tm and interwire distance 

a, varied from 80 nm to 8 ~-tm according to the concentration of NWs [Fig. 6.1a]. 

z~ 
X 

Figure 6.1 Geometrical models of uniformly (a) and randomly (b) arranged NW layers on 

the glass substrate. Red rectangles are the unit simulation areas, which are equal to a2 and 

8x8 ~-tm2 for the NWs with uniform and random arrangement, respectively. 

Random NWs were distributed as in Chapter IV: (i) initial position of NWs was set 

as in case of uniform arrangement; (ii) then each NW was arbitrarily shifted along X 

and Y axes for distances from -115 to 115 of NW length; (iii) and finally, each NW 

was arbitrarily rotated within XY plane for angle from -90 to 90o (Fig. 6.lb). The 

simulation area of uniform NW layers was narrowed to the unit cell along X and Y 

axes with the interwire distance a. In case of random NW layers the unit cell was set 

to 8x8 ~-tm2 and simulated three times for arbitrarily chosen position to justify the 

reproducibility of optoelectronic properties. 

The optical properties were simulated using the FDTD method commercially 

available within Lumerical software [83] . The incident light from 300 to 900 nm was 

distributed along Z axis. The periodic boundary conditions and perfectly matched 
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layers were applied perpendicular and parallel to Z axis, respectively. Mesh size was 

set to 5, 5 and 2.5 nm in X, Y, and Z directions, respectively. The sheet resistance was 

calculated by percolation model in accordance with refs. [76, 77] and through 

implementing the equations 4.1-4.4 in Chapter IV. We assumed ideal crossings of 

NWs for both uniform and random layers. Above mentioned models were 

successfully applied by our group in [113-118]. 

6.3 Results and discussion for random and ordered NW TCLs 

Most experiments investigated random layers with NW diameters of 30, 60 and 90 

nm and length from 15 to 40 ~m [94, 97-100, 123, and 124]. Thus, we set the diameter 

and length of NWs to 60 nm and 40 ~m, respectively. The quantity of NWs ranged 

from 2 to 200 units per area of 8x8 ~m2 to thoroughly analyze the optoelectronic 

performance of both uniform and random NW layers. Figures 2(a) and 2(b) show the 

transmittance of uniform and random AgNW layers against the quantity of NWs and 

wavelength. Dip of the transmittance from 300 to 450 nm for both NW arrangements 

corresponds to LSPs - oscillations of electrons across the NWs [99]. The 

transmittance of the uniform NW· layers decreases from 475 to 900 nm due to SPPs 

-oscillations of electrons along the NWs [99]. 
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Figure 6.2 Dependence of the transmittance of Ag NW layers on the quantity of NWs per 

area of 8x8 ~m2 with the uniform (a) and random (b) arrangement for the wavelength range 

from 300 to 900 nm. (c) Dependence of the average transmittance in visible spectrum on the 

quantity ofNWs per area of 8x8 ~m2 for uniform and random arranged Ag NW layers. 

Lower transmittance of the random NW layers from 475 to 550 nm may result from 

fewer amount of NWs directed along the electric field vector and thus less influence 

of SPPs on the transmittance. Figure 6.2c shows the average transmittance in the 

visible spectrum against the quantity of AgNWs with uniform and random 

arrangement. The transmittance of both uniform and random NW layers decreases 

from 97 to 85% when the quantity ofNWs increases from 2 to 20 units. Surprisingly, 

the random NW layers obtain up to 38% higher average transmittance compared to 

uniform configuration when the quantity of NWs further increases from 20 to 200 

units. This behavior results from the difference in the open area between the uniform 

and random NW layers as demonstrated in Figs. 6.3a and 6.3b. The random 

configuration possesses higher open area due to the stacking of the NW s. The 

difference of the open area between the uniform and random NW· -layers increases 
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from 0 to 24% with the quantity of NWs increases from 20 to 200 units as shown in 

Fig. 6.3c. 

20 

10 

-Uniform 
- -- Random 

0 2C.......,.,20--':40-60:':-:80:':-:-:100~1 2071:-'"40:"c1~60:-:c180:::-=200 
Quantity of NWs 

Figure 6.3 The distribution of the uniform (a) and random (b) NWs for the quantity of 140 

per 8x8 flm2
• (c) Dependence of the open area on the quantity ofNWs per 8x8 fliD 2 for the 

uniform and random NW layers. 

Figures 6.4a and 6.4b show the transmittance of uniform and random AINW layers 

against the quantity of NWs and wavelength. Similar optical behavior took place for 

AlNW layers: (i) dip of the transmittance from 300 to 350 nm for both NW 

arrangements related to LSPs; (ii) the transmittance of the uniform NW layers 

decreases from 450-900 nm due to SPPs. Another dip of the transmittance from 700 

to 800 nm for uniform NW layers results from interband electron transition 

in AI [126]. AlNW layers possess higher transmittance from 300 to 450 nm in 

comparison to Ag layers due to lower quality factor of LSPs and hence lower 

absorbance. Figure 6.4c shows the average transmittance in the visible spectrum 

against the quantity of AlNWs with uniform and random arrangement. The 

transmittance of both uniform and random NW layers decreases from 95 to 85% when 

the quantity of NWs increases from 2 to 20 units. The random NW layers obtain up 
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to 45% higher average transmittance compared to uniform configuration when the 

quantity of NW s further increases from 20 to 200 units. Same reason determines such 

behavior - difference in the open area between the uniform and random NW layers. 

The difference of the transmittance between the uniform and random NW layers 

increases from 2 to 55% with the quantity of NWs increases from 20 to 200 units. 

Larger difference of the transmittance between the uniform and random AlNW layers 

relates to lower quality factor of SPPs over the whole simulation region compared to 

identical Ag layers [94]. 

Figure 6.5 illu·strates the dependehce of the sheet resistance on the average 

transmittance in visible wavelength spectrum for uniform/random AgNW and AlNW 

layers. The difference of the average transmittance between uniform and random 

configurations remains significant till the sheet resistance reaches 3 Ohrnlsq: (i) from 

65 to 4% and from 67 to 4% for Ag and Al NWs, respectively. This range relates to 

the quantity of NW s from 200 to 20 units. The difference of the average transmittance 

between uniform and random configurations decrease down to 2% at the sheet 

resistance of 30 Obmlsq when the quantity of NWs equals to 8. 

6.4Summary 

In summary, we analyzed the optical and electronic properties of AgNW and AINW 

layers with both random and uniform arrangements. At low concentrations ofNWs­

from 2 to 20 units - both configurations possess similar average transmittance in the 

visible spectrum. However, at high concentrations of NWs- from 20 to 200 units­

the random AgNW and AlNW TCLs demonstrate up to 38% and 45% average 
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Figure 6.5 Sheet resistance versus average transmittance in visible wavelength spectrum for 

Al (a) and Ag (b) uniformly and randomly arranged NW layers, respectively. 

transmittance difference, respectively. Furthermore, at high concentrations of NWs 

the uniform and random AgNW layers outperform identical AlNW layers up to 5 and 

15% average transmittance, respectively. Therefore, our results demonstrate the 
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advantage of random metallic NW TCLs for optoelectronic devices demanding 

lowest sheet resistance, such as solar cells and LEDs. 
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Chapter VII 

Towards understanding difference of optoelectronic 

performance between micro- and nanoscale metallic layers 

7.1 Introduction 

Patterned metallic layers gained interest as TCLs for optoelectronic devices such as 

displays, solar cells, light emitting diodes, touch screens and smart windows in the 

last decade [13, 85, 112, 133, 136-139]. Variety of metallic patterns - pores, 

honeycombs, triangles and wires- were proposed and studied in details [118, 140, 

and 141]. Multiple studies show that an open area dominates the transmittance of 

metallic patterned structures [74, 142]. For instance, the AI wired electrode reach 

around 90% transmittance, while the porous configuration exhibits only 80% at sheet 

resistance of 5 Ohm/sq, as shown in Chapter Five. Furthermore, materials with 

stronger plasmonic response show higher optoelectronic performance: as an example 

AgNP layers possess 8% higher average transmittance in visible wavelength range at 

sheet resistance of 3 Ohm!sq compared to identical AINP [ 118] . 

However, a clear impact of nano- and microscale patterns on the optoelectronic 

performance of metallic layers is poorly studied. Here we theoretically analyzed 

nano-/microscale porous and wired configurations for two materials - Ag and AI -

possessing different plasmon response in visible wavelength range. We showed that 

AgNP/AgNW layers exhibit up to 20% higher transmittance due to stronger surface 
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plasmon (SP) resonance, while within microscale the optoelectronic performance 

become comparable for both metallic layers and depends solely on its permittivity 

and conductivity. Moreover, the microscale Ag and Allayers exhibit up to 5% higher 

average transmittance. 

7.2 Methodology for comparing micro- and nanoscale metallic TCLs 

Figure 7.1 shows the geometrical models for the porous and wired metallic layers on 

the glass substrate. Pores and wires were arranged uniformly with interpore/interwire 

distance a and diameter of pore d. The simulation area was cut to unit cell, which size 

along X and Y axes was set to the distances a and ax ..[3 for hexagonally arranged 

porous layers [Fig. 7.1a] and distance a for wired layers [Fig. 7.1b]. 

Figure 7.1 Geometrical models for the porous (a) and wired (b) metallic layers on the glass 

substrate. Yellow dash rectangles are the unit simulation cells, which equal to a2x ..[3 and a2 

for the pores and wired arrangements, respectively. 
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The optical properties were simulated usmg the finite-difference time-domain 

method which is commercially available within Lumerical software [80]. The 

incident light ranged in the visible spectrum was distributed along Z axis. The 

periodic boundary conditions and perfectly matched layers were applied 

perpendicular and parallel to Z axis, respectively. Mesh size was set to 10, 10 and 

5 nm in X, Y, and Z directions, respectively. The sheet resistance was calculated by 

the percolation theory model in accordance to [76, 77], which is given by the 

Equation 3.1. 

7.3 Results and discussion for micro- and nanoscale TCLs 

7 .3.1 Plasmonic effects in nanoscale TCLs 

Metallic patterns possess SP response in specific wavelength range, which depends 

on material and geometrical parameters of patterns. We chose two metals with 

different SP response in the visible spectrum: Ag with strong SP resonance from 400 

to 700 nm and AI with weak SP response from 400 to 500 nm [99]. Thickness of the 

layers was set to 60 nm in order to represent the common experimental studies 

[92, 93, 97, and 123]. We selected the interpore/interwire distances a from 200 nm to 

30 flm aimed to investigate the optoelectronic properties of micro- and nanoscale 

configurations. Ratio of diameter d to distance a changed from 20% to 1 00%; i.e. 

from structure close to bulk configuration to structure with near zero conductivity. 

Figure 7.2 shows the average transmittance in the visible spectrum for Ag and AI 

porous layers against the interpore distance a and ratio dla . Two regions- one from 
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200 to 800 nm wavelength (nanoscale) and another from 800 nm to 5 ~ 

(microscale)- illustrate different behaviour. Within the nanoscale region Ag porous 

layers demonstrate up to 20% higher average transmittance in comparison to AI 

layers; major difference takes place for the ratio d/a from 40 to 90%. In the microscale 

region, the average transmittance between Ag and AI layers differs by less than 2%. 

According to ref. [93] the energy of surface plasmon decays exponentially over its 

propagation path. The distance between two NPs in the nanoscale layer is an order of 

magnitude smaller than the distance between two micropores (MPs) in the microscale 

layer. Thus, surface plasmons have negligible influence on the MP structure and 

strong influence on the NP structure. SPs reach the bottom side of the nanoscale 

structure and then re-radiate into light enhancing the transmittance. 
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Figure 7.2 The average transmittance in the visible spectrum for Ag (a, c) and AI (b, d) 

porous layers against the interpore distance a and ratio d/a. 

In the microscale structure, the energy of SPs reduces significantly at the.bottom side 

due to long propagation path and negligibly influence ori the transmittance. Figure 

7.3 illustrates the calculated electric field distribution for nano- (a = 200 nm) and 

microscale (a == 2 f.liD) Ag and AI layers at 550 nm wavelength. 
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Figure 7.3 The calculated electric field distribution for nano- (a= 200 nm) and rnicroscale 

(a= 2 J..Lm) Ag (a, c) and AI (b, d) layers at 550 nm wavelength. 

The nanoscale Ag layer possesses strongest electric field along metal, while 

at a = 2 11m the electric filed decreases four times. Both nano- and microscale AI 

layers demonstrate negligible electric field along metal compared to Ag layers. Thus, 

in microscale layers the transmittance depends solely on material permittivity and 

conductivity. 
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Ag and Al wired layers demonstrate similar effect as shown in Fig. 7.4: Ag 

outperforms Al up to 20% average transmittance in case of nanoscale layers, while 

within the microscale region the average transmittance differs by less than 2%. 
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Figure 7.4 The average transmittance in the visible spectrum for Ag (a, c) and AI (b, d) wired 

layers against the interwire distance as and ,atio d./a . 
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7.3.2 Optoelectronic performance of microscale and nanoscale TCLs 

Figure 7.5 shows the average transmittance in visible spectrum against the sheet 

resistance for nano- (a= 200 nm) and microscale (a= 2 J.Ull) porous Ag and AI layers. 

Ag nanoporous layers possess the average transmittance of 77% at the sheet 

resistance of 5 Ohm/sq, while Allayers obtain close average transmittance only at 50 

Ohm/sq. This difference results from: (i) higher transmittance of AgNP layer 

compared to AINP layer; (ii) and from 45% higher bulk conductivity of Ag (oo = 

6.3x107 S/m) compared to AI (on = 3.5x l07 S/m). AgNP layer has higher 

transmittance at 550 nm due to higher quality factor (Q) of Ag at this wavelength: 

Q > 30 for Ag and < 0.3 for AI [94, 143]. Hence, SPPs are able to reach the borders 

of the AgNPs and enhance the transmittance, while only insignificant amount of 

energy can be delivered to the borders of AINPs. At microscale range the average 

transmittance of Ag layers becomes equal to 82% at the sheet resistance of 5 Ohm/sq, 

while AI layers obtain close average transmittance at the sheet resistance 12.5 

Ohm/sq. This difference comes mainly from higher bulk conductivity of Ag 

compared to AI and marginally higher transmittance of microscale Ag layers. The 

difference in transmittance between AgMP and AlMP layers became 'insignificant 

since the propagation length of SPPs is negligible compared to the distance between 

two pores. The microscale Ag and AI layers exhibit up to four times lower sheet 

resistance at given average transmittance. Moreover, MP layers show around 5% 

higher average transmittance due to larger open area of MPs. AgNW layers possess 

the average transmittance of 88% at the sheet resistance of 5 Ohrn/sq, while AI layers 

obtain close average transmittance only at 35 Ohrnlsq; (ii) at microscale range the 
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average transmittance of Ag layers becomes 92% at the sheet resistance of 5 Ohm/sq, 

while Al layers obtain close average transmittance at the sheet resistance of 

9 Ohm/sq; (iii) microwired (MW) layers show 4% higher average transmittance due 

to larger open area. 

Figure 7.6 shows that Ag and Al wired layers demonstrate similar tendency: (i) Ag 

nanowired layers possess the average transmittance of 88% at the sheet resistance of 

5 Ohrnlsq, while Allayers obtain close average transmittance only at 35 Ohrnlsq; (ii) 

at microscale range the average transmittance of Ag layers becomes 92% at the sheet 

resistance of 5 Ohrnlsq, while Al layers obtain close average transmittance· at the 

sheet resistance of 9 Ohrnlsq; (iii) MW layers show 4% higher average transmittance 

due to larger open area. 
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Figure 7.5 Average transmittance against sheet resistance for nano- (a) and microscale (b) 

porous Ag and AI layers. The interpore distance a = 200 nm and 2 11m for nano- and 

microscale configurations, respectively. 
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Figure 7.7 shows the difference in average transmittance between Ag and Allayers 

against interpore/interwire distance a at fixed sheet resistance of 5 Ohm/sq. Ag layers 

exhibit from 20.2 to 6.5% higher transmittance at distance a from 200 to 600 nm, 

respectively. Further increase of the distance a results in decrease of the difference 

between average transmittance of Ag and AI layers: Ag layers exhibit from 6.5 to 5% 

higher transmittance at the distance a from 600 nm to 30 Jlm. Close experimental 

results for nano- and microscale wired Ag and AI layers with distance were 

demonstrated in [101, 144, and 145]'. -Large difference in transmittance - 20.2% at 

the distance a= 200 nm- indicates that only Ag porous/wired layers can suit most 

optoelectronic applications. Therefore, the metallic patterned layers with stronger 

SPs response possess higher<>ptoelectronic performance for nanoscale patterns, while 

for microscale patterns their performance depends solely on permittivity and 

conductivity of micropatterned metallic layers: 
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Figure 7.7 Difference in average transmittance between Ag and AI layers against 

interpore/interwire distance a at fixed sheet resistance of 5 Ohm/sq. Experimental results 

from [101, 144, and 145]. 

7.4 Summary 

We theoretically studied the optoelectronic properties of nano-/microscale porous 

and wired Ag and Al layers. Both AgNP and AgNW layers show up to 20% higher 

average transmittance due to strQnger SP response over the whole visible spectrum. 

However, at the microscale patterns the difference in average transmittance between 

Ag and Allayers becomes less than 5%. Moreover, the microscale Ag and Allayers 

exhibit up to 5% higher average transmittance. The obtained results allow to estimate 

the impact of the pattern size of metallic transparent conductive layers on its 

optoelectronic performance for various optoelectronic applications, such as displays, 

solar cells, LEDs, smart windows, and other devices. 
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Chapter VIII 

Effect of AgNW length in a broad range on optical and 

electrical properties as a TCL 

8.1 Introduction 

TCLs remain an inevitable component of many optoelectronic devices such as LC 

displays, solar cells, TC panels, LEOs and others [13, 36-53, 85, 136, 146, and 147]. 

TCLs based on state of the art ITO still dominate within electronics industry [53]. 

However, the fragility of the ITO films limits its usage in flexible optoelectronics 

[140], regardless of other drawbacks such as high fabrication cost [148] . Metallic 

patterned TCLs offer competitive optical and electrical properties and flexibility 

required for most trending optoelectronic devices [74, 118, 141, 149, and 150]. 

Furthermore, geometrical configuration of metallic nanopattemed TCLs significantly 

affects their transmittance and sheet resistance [43, 52, 118, 140, and 141]. Latest 

research demonstrates an advantage of the NW based TCLs in comparison with NP 

and triangle configurations of patterns [ 141]. Moreover, randomly arranged NW s can 

not only exhibit optoelectronic performance comparable to uniform nanoscale 

networks [ 135], but also benefit from low-cost non-lithographic fabrication processes 

making them a preferable candidate for a future generation of flexible TCLs. 

Recent research demonstrated that TCLs with longer NWs possess higher 

optoelectronic performance [151]. However, a clear impact of their length in broad 

range on the transmittance and sheet resistance, which are the two critical indexes of 
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the TCLs, is poorly studied. Herein we investigated the optoelectronic performance 

of AgNW TCLs for the NW length ranged from 10 to 200 J.lffi. We found that a 

lengthening of AgNW s results in significant increase of their ' optoelectronic 

performance: 200 J.U11 long NWs form a TCL with 10 times lower sheet resistance 

compared to TCL formed with I 0 J.lffi long NW s, while the transmittance remains 

similar for coverage densities of nanowires up to 25%. Moreover, the dependence of 

the sheet resistance on the length of NW s changes non-linearly: from 10 to 20 J.lffi, 

20 to 80 11m and 80 to 200 J.lm the sheet resistance drops by a factor of 5, 2.25 and 

1.2, respectively. Our results explain the influence of NW length in broad range on 

the optical and electrical properties of AgNW TCLs and grant the opportunity to 

deepen their analysis for various optoelectronic applications such as OLEO and QO 

displays, solar cells, LEOs, TS panels, and smart windows. 

8.2 Methodology 

8.2.1 Synthesis of AgNWs 

We fabricated AgNWs at 160° C in an automated synthesis chamber using the well­

known polyol process [109]. AgN03, EG, CuCl and PVP were used as starting 

materials, and the synthesis processes are detailed elsewhere [152] . Requirements for 

lengths and diameters of AgNWs were met through controlling the reaction 

parameters of polyol synthesis. The as-synthesized AgNWs were cleaned three times 

in IPA and then re-dispersed in DI water. Figure 8.1 shows microscopic and SEM 

images of resulting AgNWs. 
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Figure 8.1 (a) Microscopic and (b) SEM images of AgNWs with average length of 90 J.tm 

and diameter of 90 nm synthesized under conditions described in the Table 8.1. 

8.2.2 Fabrication of the AgNW TCFs 

AgNW ink was formulated at 3 mg/ml Ag concentration in DI water. The AgNW ink 

was coated over a 150 mm-width PET flexible substrate on a Coatema® R2R smart 

coater with a slot-die at a coating speed of0.2 m/min and was dried at 150° C. AgNW 

LD was controlled by adjusting the ink feeding rate to the slot-die coater. The as­

coated films were cut into 5 em by 5 em samples for characterization. Sheet resistance 

was measured using a Delcom Instruments® benchtop contactless probe. Optical 

measurements were performed using BYK-Gardner Haze-Gard® I for wavelength 

range 400-800 nm. Fabrication conditions are summarized in the Table 8.1. 

8.2.3 Comparing AgNW TCLs with varying length of NWs 

Figure 8.2 shows the geometrical models representing metallic NW films with 

different length of NWs. Cylindrical NWs were randomly spread across a PET 

substrate according to the following steps: (i) initially NWs were uniformly arranged; 

119 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Table 8.1 Fabrication conditions of AgNW TCL. 

Pol~ol s~ nthesis of AgNWs 

Temperature, T °C 

Starting materials 

160 

AgNO,, EG, CuO and PVP; l 
all used as purchased from Sigma-Aldrich 

~ ,• ~ ' ~ ' ~.~ c" -' ~ ,'' A ,' j , 0 : •' '.' ' J • ' • ; ' 0 ~ 

•• >' ··.:~:,· :· • '. •Roll.-to.-roll coating of AgNW ink ~n PET 
: • • :. \ / ..... ~ ' ~ ' <: > • • • • ' • " • • ~ ' 

Ag concentration, mglml 3.00 

· Coating speed, m/min 0.20 

Drying temperature, T °C 150 

·-- ------

(ii) then each NW was arbitrarily shifted along X and Y axes for distances ranging 

from -L to L, where Lis the length of NWs; (iii) and finally each NW was arbitrarily 

rotated within X and Y axes for an angle ranging from -90 to 90 degrees. 

A commercial-grade simulator based on the FDTD method was used to perform the 

optical calculations [83]. The incident light in range from 400 to 800 nm was 

distributed along Z axis. The periodic boundary conditions and perfectly matched 

films were applied perpendicular and parallel to Z axis, respectively. Mesh size was 

set to 10, 10 and 5 nm in X, Y, and Z directions, respectively. Each arrangement of 

AgNW s was simulated three times for arbitrarily chosen position of 15 x 15 J..Lm 2 

simulation area (red areas in Fig. 8.2) in order to justify the reproducibility of optical 

properties. 
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Sheet resistance was calculated by percolation model in accordance with 

Equation 3.1. The subtraction of ¢crit from ¢1 for randomly arranged NW films is 

expressed as in Chapter Four: 

(8.1) 

where (Nt) is the effective number of the NW crossings which contributes to the 

conductivity of the NW films, Ncrit is the critical num.ber of the NW crossitigs when 

the NW film changes from insulator to conductor, Vc is the NW crossings volume and 

Vue is the unit cell volume. 

Figure 8.2 Geometrical models of metallic NW films with different length of NWs on PET 

substrate. Red rectangles represent tS x l5j!m2 unit simulation areas. 

Above mentioned models were proved to be in good agreement with experimental 

data and successfully applied by our group in previous work [ 113-118]. 
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8.3 Results and discussion for AgNW TCLs with varying length of 

NWs 

Randomly arranged AgNWs with diameters of 30, 60 and 90 nm and length from 10 

to 60 Jlm are commonly used in experimental studies [94, 97-100, 123 and 124]. 

We used AgNWs with average diameter of 60 nm and lengths of 30 and 90 Jlm for 

experimental part of our study. Figure 8.3 sbows the dependence of transmittance on 

the sheet resistance of AgNW TCLs with different lengths of AgNW s. The layer 

·fabricated from AgNWs with an average length of30 Jlm possessed the transmittance 

of 76% at the sheet resistance of 20 Ohm/sq, while the layer made from longer 

AgNW s of 90 Jlm [shown in SEM image in Fig. 8.3b] -higher transmittance of 82% 

at same sheet resistance. Simulation results demonstrated similar behavior for these 

lengths, which indicated a feasibility of the proposed theoretical modeL In order to 

further investigate the influence of length of AgNW on the optoelectronic properties 

of AgNW films we expanded the range of AgNW lengths from 10 to 200 Jlm. 

Table 8.2 lists the parameters of AgNW TCLs used in both experimental and 

simulation parts of the study. The transmittance of TCLs with short 10 JliD NWs 

decreased by 9%·compared to 30 Jlm NWs at same sheet resistance of 20 Ohm/sq. 

Surprisingly, the transmittance of200 1.1m long NWs increased by only 3% compared 

to 90 Jlm NWs for the films with same sheet resistance and equals to 85%. Thus, a 

uniform growth of AgNW length results in a non-linear increase of the optoelectronic 

performance: (i) +9% transmittance from 10 to 30 Jlm, (ii) +6% transmittance from 

30 to ·90 Jlm and (iii) only·+ 3% transmittance from 90 to 200 Jlm at 20 Obm/sq sheet 

resistance. Based on above mentioned observations we ·decided to deepen· 
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theoretically investigate the influence of NW length on the transmittance and sheet 

resistance independently. 

Table 8.2 Parameters of AgNWs used in the study. 

Parameter of AgNWs Experiment Simulation 

L of AgNW s, ~m 30/90 10-200 

d of AgNW s, nm 60 30-90 

SC of AgNWs, % 10-25 6-40 

100 
(a) 

90 

~ 
~ 

~ 80 
c 
~ 
-~ 70 

* L= 30 llfll(E) c 
<U X L= 90 llfll(E) .... 
1- - L=10 jlm(T) 

60 -- • L= 30 11m (T) 
••••• L= 90 11m(T) 
---· L =200 11m (T) 

50 

10 100 1000 

Sheet Resistance (Ohm/sq) 

Figure 8.3 (a) Transmittance at 550 nm against the sheet resistance for different lengths of 

AgNWs. The diameter of NWs is fixed at 60 nm for both experimental (E) and theoretical 

(1) data. (b) SEM image for AgNWs with length L = 90 mm and diameter d = 60 nm. 

Figure 8.4a shows the transmittance spectra of AgNW films for various coverage 

densities D and lengths L of NWs. The transmittance decreases in range from 400 to 

475 nm due to LSP resonance and keeps almost uniform till 800 nm [93]. The 
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transmittance at 550 run forD=== 6% equals to 93% for both 200 and 10 flm long NWs. 

At D === 25% the transmittance decreases down to 73% and 71% for 200 and 10 fliD 

long NWs, respectively. The optical difference between these lengths attributes to 

SPPs, which excite and propagate along the NW s. 10 flm long NW s result in shorter 

distances between consequent NW crossings, and thus in larger amount of localized 

electric field areas as shown in Fig. 8.4b. Therefore, 10 flm NWs possess a shorter 

propagation length of SPPs and less influence on the transmittance, correspondingly. 

The average transmittance at D = 40% decreases down to 57% and 52% for 200 and 

l 0 f.1m long NW s, respectively. The distances between consequent NW crossings for 

10 f.1m NWs at such high coverage density result in negligibly low influence of the 

SPPs on the transmittance. AINW TCLs- possessing weak SP response from 400 to 

500 run- show negligible difference between 200 and 10 fliD long NWs for all the 

above mentioned coverage densities D as shown in Fig. 8.4c. Since most 

optoelectronic devices require the transmittance above 80%, we can conclude that the 

length of NWs insignificantly affects the optical performance. 

Figure 8.5a shows the dependence of the sheet resistance of AgNW TCLs on the 

length of NW s at various coverage densities. The dependence of the sheet resistance 

on the growth of NWs possesses three distinctive regions: (i) a rapid decrease- by a 

factor of 5 - for short NW lengths from 10 to 20 f.1m; (ii) an intermediate decrease -

by a factor of 2.25 -from 20 to 80 f.1m, and (iii) a steady decrease- by a factor of 1.2 

times- for long NWs from 80 flm to 200 fliD. Thus, the length ofNWs influences on 

the sheet resistance most significantly until 80 f.1m; while further lengthening 

influences in less radical manner. Figure '8.5b shows the dependence of the sheet 
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Figure 8.4 (a) Transmittance spectra of AgNW films for various coverage densities D and 

lengths L of NW s. (b) Calculated electric field distribution for 200 Jlm (left) and 10 Jlm (right) 

long AgNW films at 550 nm wavelength. (c) Transmittance spectra of AlNW films for 

various coverage densities D and length L of NWs. The diameter d of NWs is 60 nm for all 

cases. 

resistance of AgNW TCLs on the diameter of NWs at the fixed coverage density 

D = 25% and the length of NWs fixed at L = 10, 50 and 200 Jlm. 

The sheet resistance decreases 5.8 times when diameter d of NWs increases from 30 

to 90 nm. Nonlinear behavior results from the quadratic proportionality of the NW 

.crossings volume Vc from Eq. (8.1) to diameter of NWs: Vc-d 2 • While thickening of 
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the diameter of NWs strongly improves the conductivity of TCLs, it also leads to 

significantly higher haze and thus limits the applications of TCLs on their 

base [101, 152]. Therefore, we conclude that NWs with longer length and thicker 

diameters suit more for PV cells, while NWs with longer length and thinner diameters 

-for displays and TS panels. 
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Figure 8.5 (a) Sheet resistance of AgNWs films versus length of NWs for various coverage 

densities D. The diameter of NWs is 60 nm. (b) Sheet resistance of AgNWs films versus 

diameter of NWs for various length L. The coverage density Dis 25%. 

8.4 Summary 

We investigated the dependence of optoelectronic properties of AgNW TCFs on the 

length ofNWs in a broad range from 10 to 200 f.J.m. A lengthening ofNWs strongly 

affects the electrical performance, while insignificantly influences on the 

transmittance with coverage density of NW below 25%. The sheet resistance drops 

non-linearly in accordance to three regions: (i) the rapid decrease - by a factor of 5 

-for short NW lengths from 1 0 to 20 f.J.m; (ii) the intermediate decrease- by a factor 

126 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



of 2.25- from 20 to 80 !J.m, and (iii) the steady decrease- by a factor of 1.2 times­

for long NWs from 80 !J.m to 200 !J.m. Additionally, the thickening of nanowire 

diameters from 30 to 90 run decreases the sheet resistance down to 5.8 times. 

Obtained results allow to estimate the impact of the AgNW length on the 

optoelectronic performance of TCFs for variety of applications ranging from solar 

cells to flat panel displays. 
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Chapter IX 

Conclusions & future work 

Among the broad range of known transparent conductive layers, metallic 20 

nanostructures not only challenge the state of the art indium tin oxide in terms of the 

optoelectronic performance but also offer low-cost fabrication methods and 

advantage of being integrated in flexible devices. While a lot of research work has 

been conducted on metallic transparent conductive layers within the last decade and 

particularly on their performance, yet the difference between various nanostructure 

configurations of metallic layers required further explanation. 

This thesis focused on two types of nanostructured metallic transparent conductive 

layers - (i) nanoporous aluminum layer and (ii) silver nanowire layer - and 

investigated the difference in optoelectronic performance between the following 

configurations: 

1. Nanoporous aluminum layers with random, semi-ordered and ordered 

configuration of nanopores. First type - corresponds to low-cost fabrication 

method via electrochemical anodization and etching; second - to more 

complicated successive multistep electrochemical anodization-etching; and 

third- to expensive nanoimprinting-anodization-etching method. 

2. Silver nanowire layers with random and ordered configuration of nanowires. 

First type corresponds to low-cost bottom up fabrication method via polyol 

synthesis and coating of nanowires; second- to expensive top-down vacuum­

based lithographic method. 
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Totally, eight types of transparent conductive layers were compared for two metals­

aluminum and silver, two nanostructures - nanoporous and nanowire-based, and two 

configurations- random and ordered. Hereafter, the outcomes are presented. 

Research indicated that only ordered configuration of nanoporous aluminum layers 

reach the performance of state of the art indium tin oxide, while random 

configurations can reach maximum of 60% average transmittance to remain 

conductive. At the same time, structures based on nanowires outperform nanoporous 

structures, regardless of metal used, with up to 10% higher transmittance at same 

sheet resistance. At the nanoscale, silver layers significantly outperform aluminum 

layers for both types of structures - difference in transmittance is up to 20% percent 

at the same sheet resistance of 5 illo; while at the microscale, this difference reduces 

to only 5% since surface plasmon resonance in silver attributes only for nanoscale 

dimensions. Random nanowire layers, as contrasted to random nanoporous layers, 

perform comparably to ordered nanowire layers, especially at high concentrations of 

nanowires. Thickening of nanowires, although strongly improves the electrical 

properties, causes equally strong doubts due to haze factor; while lengthening of 

nanowires benefits from both optical and electrical perspective, yet remains crucial 

for lengths below 80 J.lm. Upon lengthening of nanowires, sheet resistance drops by 

a factor of 5 for NW lengths from 1 0 to 20 J.lm; by a factor of 2.25 - from 20 to 80 

J.lm; and by a factor of 1.2- from 80 J.liD to 200 J.lm. 

Summing up what have been said, aluminum nanoporous transparent conductive 

layers represent an attractive solution when situation requires low cost and ease in 

fabrication. Though ordered, and especially hexagonal configurations of nanopores 
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strongly outperform random configurations. Hence, nanoporous transparent 

conductive layers reach peak of optoelectronic performance at hexagonal 

arrangement of nanopores with 300 nm diameter, 360 nm interpore distance and 60 

nm average layer thickness. Silver nanowire transparent conductive layers, in tum, 

offer strong optoelectronic performance for both random and ordered configurations 

of nanowires, and may suit for variety of applications owing to broad range of tunable 

parameters. Based on the research performed, silver nanowires with 60 nm average 

diameter, ~80 J.lm average length and distributed at 6% coverage density compose 

transparent conductive layers with most attractive optoelectronic properties. 

Further work should concentrate on the practical approaches towards post-treatment 

of silver nanowire transparent conductive layers with a focus on final devices. Main 

concerns, in no particular order: (i) how to reduce the interwire junction resistance, 

(ii) how to stabilize the properties, (iii) how to increase the adhesion to a flexible 

substrate, (iv) how to reduce the surface roughness and (v) how to effectively control 

the haze factor via non-geometrical approach. 
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