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Abstract

Networks  of  silver  nanowires  (AgNWs)  gain  attention  as transparent electrodes (TEs)  

that combine low sheet  resistance  (𝑅s) and  high  optical transmittance (T).  TEs  on 

basis of  AgNW-networks  on low-cost,  flexible  Polycarbonate  (PC)  were  developed.  Ef- 

forts  were  pursued to keep the processing temperature  below the glass  transition  of  the 

PC-substrate. The  AgNWs were  combined  with coatings of  a) zinc  oxide  nanoparticles 

(ZnONPs) and b) poly(3,4-ethylendioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS). 

Ultrasonic spraying was the deposition method of  choice, a convenient technique for in-  

dustrial  production.  Deposition parameters  were  systematically  studied  and  optimized 

to obtain  high-performance TEs.  ZnONP-  and  PEDOT:PSS-coatings  decrease  the 𝑅s

of  sparse  AgNW-networks,  most  prominently  PEDOT:PSS, due  to a decrease  in the 

junction-resistance.  The 𝑅s of  a representative  sample of  PC/AgNW  was reduced  from  

initially  21 Ω/sq  to 11 Ω/sq  by  PEDOT:PSS-coating.  Experimental  results  were  used 

in percolation  modelling, where  material  parameters, such as the critical  AgNW  surface 

fraction  (𝜑𝑐) and  the critical  exponent (t) were  extracted.  The 𝜑𝑐 and  t are  decreased 

by  the coatings. While  the coating with PEDOT:PSS does  not  influence the haze,  the 

coating with ZnONPs  increases the surface roughness  and  the optical haze (H).  The  

roughness  results  from  coffee rings  and  is partly  controllable  through  the adjustment of  

spray-coating  parameters  of  ZnONPs. The  coatings are  shown  to sufficiently  protect  the 

AgNWs from  premature electrical degradation,  when stored in ambient atmosphere  and  

at 70 °C  for one  month. The  TEs  a) PC/ZnONP/AgNW/ZnONP  (H ≈ 0.3,  T ≈ 0.8, 𝑅s ≈
10 Ω/sq) and  b)  PC/AgNW/PEDOT:PSS (H ≈ 0.1,  T ≈ 0.8, 𝑅s ≈ 10 Ω/sq) were  tested  

as transparent heaters. For an applied voltage  of  3.5 V,  surface temperature  increases 

of  + 65 °C  (PC/ZnONP/AgNW/ZnONP)  and  + 80 °C  (PC/AgNW/PEDOT:PSS)  were  

obtained. We show,  that high-quality  transparent electrodes, suitable  for various  appli- 

cations, can  be fabricated at 100 °C  by ultrasonic spray-coating  on flexible  substrates.



Zusammenfassung

Transparente  Elektroden (TE)  auf  Basis  von Silber-Nanodrähten (AgNW)  zeichnen sich 

durch einen niedrigen Flächenwiderstand  (𝑅s) und  eine  hohe  optische  Transparenz  (T) 

aus.  Die  Diplomarbeit  beschäftigte  sich mit  der Entwicklung  von AgNW-Kompositen  

auf  Polycarbonat  (PC).  Das  flexible  PC-Substrat  limitiert  die  maximale Abscheidung- 

stemperatur aufgrund  der niedrigen Glasübergangstemperatur.  AgNW-Netzwerke wur- 

den in Schichtkomposite mit  a) Zink  Oxid  Nanopartikeln  (ZnONP) und  b)  Poly-3,4- 

ethylen-dioxythiophen  Polystyrolsulfonat  (PEDOT:PSS)  eingebracht, um optische  und  

elektrische  Eigenschaften zu  optimieren und  die  Stabilität  der TE  zu  verbessern. Eine mit  

Rolle-zu-Rolle  Verfahren  kompatible  Ultraschall-Sprühmethode  wurde  verwendet  und  die  

Abscheidungsparameter wurden optimiert. Die  Kombination  von AgNW-Netzwerken  mit  

ZnONP  und  vorallem mit  PEDOT:PSS reduziert  den Widerstand  der TE.  Es konnte  

eine  Senkung  von 𝑅s einer repräsentativen  Probe PC/AgNW  von 21 Ω/sq  auf  11 Ω/sq  

in PC/AgNW/PEDOT:PSS erzielt werden.  Experimentelle  Daten  wurden mit  Perko- 

lationsmodellen beschrieben, um zusätzliche  Informationen über die  kritische  AgNW- 

Dichte  (𝜑𝑐) und  den kritischen Exponenten (t) zu  erlangen. Durch das Beschichten 

von AgNW-Netzwerken  wurden 𝜑𝑐 und  t gesenkt. Dies ist  durch eine  Verringerung 

des Widerstands  an AgNW-Knotenpunkten erklärbar. Gesprühte  ZnONP-Schichten  er-  

höhen aufgrund  des Kaffeering-Effekts  die  Oberflächenrauheit und  somit die  optische  

Trübung (H).  ZnONP-  und  PEDOT:PSS-Beschichtungen schützen AgNW-Netzwerke vor 

frühzeitiger, elektrischer  Degradierung bei  Lagerung für ein  Monat  bei  70°C  und  Umge- 

bungsluft. Die  Elektroden a) PC/ZnONP/AgNW/ZnONP  (H ≈ 0,3;  T ≈ 0,8; 𝑅s ≈
10 Ω/sq) und  b)  PC/AgNW/PEDOT:PSS (H ≈ 0,1;  T ≈ 0,8; 𝑅s ≈ 10 Ω/sq) wurden 

als transparente  Heizelemente  untersucht. Durch das Anlegen einer Spannung  von 3,5 V 

konnten Oberflächentemperaturanstiege von + 65 °C  (PC/ZnONP/AgNW/ZnONP)  und  

+ 80 °C  (PC/AgNW/PEDOT:PSS)  erzielt werden.  Es konnte  gezeigt  werden,  dass  leis-  

tungsstarke transparente  Elektroden, welche  verschiedene  Anwendungen finden können, 

auf  Basis  von beschichteten  AgNW-Netzwerken bei  100 °C  aus Lösung und  auf  flexiblen 

Substraten hergestellt  werden  können.
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1  Introduction

1.1 Motivation

The  ultimate goal  for society  should be to move towards  cleaner and  greener technologies.  

To do so, multiple countries strive to reduce 𝐶 𝑂2-emissions in compliance with the Paris  

Climate  Agreement.[2]  The  agreement aims  to keep the global temperature  rise  below 

2 °C  and  obliges members  to pursue  efforts  to limit global warming to a minimum.  In  

the same  spirit  and  from  a chemist’s point of  view, great  effort  should be employed  to 

design processing  routes  in the most  sustainable  manner  possible. The  twelve principles  

of  green  chemistry, as cited  in the appendix,  summarize guidelines  towards  the design of  

alternative,  less toxic and  safer  processing routes  with highest  possible  efficiency.[3] 

The  use  of  deposition  techniques  that do not  require  vacuum  equipment, working at 

atmospheric  pressure and  low temperature  are  in this regard attractive.  Ultrasonic spray-  

ing  (USS)  has in this regard attracted attention  due  to the simplicity, cost-efficiency and  

ease  of  industrial  implementation.[4, 5, 6]  Continuous  deposition can  be achieved from  

diverse precursor solutions,  over  broad surface areas  and  at high  deposition rates.  Fur- 

thermore, USS is considered environmentally  friendly  and  satisfies the twelve rules of  

green  chemistry. For instance,  rule one, waste  prevention,  can  be tackled  by  efficient 

spraying patterns with minimal  overspray. For rule five,  safer  solvents  and  auxiliaries, 

it is worth  to aim  for water as a solvent. If  organic solvent is crucially required,  it is 

important to find  the optimal  dilution to minimize  the total amount of  organic solvent. 

USS can  be designed as a very  energy-efficient deposition technique,  as it does  not  re- 

quire  vacuum  conditions.  Also, the optimization  of  other spraying parameters  for low 

temperature  processing  can  adress  rule six, which concerns design for energy-efficiency. 

The  principles  of  green  chemistry further reflect  an overall  strive for resource  efficiency 

and  a favouring  of  abundant over  scarce  materials.  In  the field of  transparent electrodes 

(TEs), industrial  technologies  mostly  rely  on transparent conductive  oxides (TCOs).  A 

widely  used representative  is indium  tin  oxide  (ITO). Big quantities  of  scarce  indium  are  

required  to meet  today’s needs  in touch screens,  displays,  and  other devices that rely  on 

ITO. Great effort  is thus  devoted to its  substitution.  Many researchers  are  working on 

alternative TEs,  as for instance,  based on silver  nanowires  (AgNWs).[7, 8] Considering  

the areal mass  density, the required  indium  in ITO is much higher  than the amount of  re- 

quired silver  in AgNW-networks, per  area.[9] This  makes  AgNWs from  an environmental  

aspect  interesting  for different  kind of  devices as an alternative to ITO. Thirteen  scarce  

raw materials  have recently  been  evaluated with respect to the time  left until  reserves
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are  depleted. In  this economic  study, indium  depletion  is predicted to be significantly  

delayed.[10] This  results  from  the intensified  efforts  to explore alternatives  and  indicates 

a general trend  towards  a future of  decreased indium  demand.  This  motivates  the re- 

search  of  TEs  that are  based on AgNW-networks.  

The  optimal  trade-off between electrical and  optical transmittance is of  highest  im-  

portance  in the TE-development.  The  balance is partly  controlled by  the film  thickness  

in TCOs,  while in AgNW-networks,  the important parameter is the AgNW-density.[9]  

On one  hand, the AgNW-density  needs  to be sufficiently  high, beyond  the percolating  

threshold, to obtain  high  electrical conductivity.  On the other hand, it should be low 

enough to obtain  high  optical transmittance.  The  percolation  behaviour  can  in a simple  

paradigm be compared to a public  transport  network,  as discussed  in detail  later.  Such 

networks, either of  public  transport  or AgNWs, are  supposed to maximize  mobility  and  

keep the amount of  required  lines  minimal. 

The  artist  Ursus  Wehrli featured  the Viennese  subway  network  (figure 1.1)  and  broke 

it down  to its  basic components. Composite-TEs based on AgNWs could  in the same  

way  be broken  down  to single  components. Composites  are  compositions of  at least two 

materials  that work  together  and  create  specific  traits. The  optimization  of  these  traits 

in AgNW-composites  should specifically  optimize  optical and  electrical properties. The  

impact of  single  components  on the network’s behaviour  is of  interest.

Figure  1.1: Percolation: AgNW  networks are compared  to  a subway  system to  understand 

percolation  theory.  The artist  Ursus  Wehrli  [11]  illustrated the  Viennese  subway  

and broke it  down to  the  constituents.  This can  be imagined  figuratively  for a 

composite material, which is as  well  composed of  several  components.  Discussed  

TEs  in  this  work are compositions of  percolating AgNWs with additional  materials. 

(illustration  from  "Die Kunst, aufzuräumen",  Ursus  Wehrli  [11])

The  main  target  of  this work  was to develop  an up-scalable  processing  route for AgNW- 

based composite-TEs on flexible  substrates  by  using  ultrasonic spray-coating  as the main  

deposition  method. Different material  combinations  were  explored,  aiming for high  con-  

ductivity  and  transmittance,  while enhancing  the environmental  stability  of  the TEs.  A
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target  was also to employ  the developed  TEs  as transparent flexible  heaters. Overall,  the 

outcome  should combine a low-cost,  up-scalable  fabrication  process for TEs  with high  

performance and  functionality  for the envisaged application.

1.2 Project  conditions and  limitations

The  properties of  AgNWs that are  combined  with metal  oxide  nanoparticles or con-  

ductive  polymers, were  studied.  The  processing temperature  was limited to ≈ 100 °C  

to enable  deposition of  the layer  stacks on flexible  Polycarbonate  (PC)  substrate. The  

manufacturing  process of  choice was USS.  Low temperatures and  atmospheric  pressure 

were  maintained throughout  manufacturing  to develop  a simple  and  low-cost  process for 

a possible  industrial-scale  implementation.

1.2.1 Approach

Introduced  challenges were  tackled  according to figure 1.2,  separated in four  steps.

Figure  1.2: Approach: Development of  AgNWs combined  with layers of  a)  ZnONPs and b) 

PEDOT:PSS  on  flexible PC, processed at ≈ 100 °C.  Samples were  characterized in  

optical  and electrical  properties.  Final TEs  were  tested as  flexible THs. But  results  

will  be interesting  for other  TE applications.

Firstly,  the optimization  of  the deposition  parameters  for all material  components  was 

of  importance.  Zinc  oxide  nanoparticles (ZnONP) and  the conductive  polymer Poly(3,4-  

ethylene  dioxythiophene) polystyrene  sulfonate (PEDOT:PSS)  were  chosen as additional  

building blocks  to the AgNWs, due  to their  ease  of  deposition  and  their  suitable  electrical 

and  optical properties. ZnONPs  and  AgNWs were  deposited  by  means of  USS,  while the 

polymer was spin-coated  at the current state  of  investigations. Although spin-coating  

cannot be scaled-up,  material  recipes  can  be transferred for USS or doctor  blading  (DB)  

deposition.  The  materials  were  stacked  in two manners, namely  a) AgNWs in between 

ZnONPs  and  b)  AgNWs coated  with PEDOT:PSS. Both  composites  should protect  the 

AgNWs from  oxidation  and  tune the optical and  electrical properties of  the TEs.
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The  two developed  AgNW-based TEs  are  sketched in figure 1.3. Several properties 

are  studied  that include optical and  electrical characteristics. Application  as flexible  

transparent heaters  (THs)  should serve as a proof  of  concept. The  set-up for testing  the 

developed  TEs  as THs  is sketched in figure 1.4.  THs  rely  on resistive  heating,  which is 

linked  to the Joule  effect.  Developed  TEs  could  as well  find  use  in organic light emitting  

diodes (OLEDs)  or photovoltaics (PVs), for instance.

Figure  1.3: Transparent electrode  stacks: AgNWs were  stacked between ZnONPs (left) and 

coated with PEDOT:PSS  (right).  These represent two approaches  for protected 

AgNW-networks on  PC, processed at  low temperature  and from  solution.

Figure  1.4: Transparent flexible  heater: Stacks of  embedded AgNWs should be tested in  a 

TH set-up, as  schematically  depicted.  This is exemplary for possible TE applica-  

tions. Voltage  is applied  via two contacts, which induces resistive  heating  as  a result 

of  the  Joule effect.
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1.2.2 Methodology

Deposition by  USS was the most  applied and  thoroughly  studied  method in this work.  

To keep the processing  as simple  as possible, pre-treatment of  the substrate  or post-  

treatment of  the thin films  were  avoided. The  obtained samples were  characterized  by  

sheet  resistance  (𝑅s) and  transmittance measurements  in the UV,  VIS and  IR  range. 

Normal  transmittance (𝑇nor  m𝑎l) and  total transmittance (𝑇tot𝑎l) were  measured  to de- 

termine  the amount of  diffuse  light, known  as haze.  With the help of  scanning electron 

microscopy  (SEM), information  about  the morphology  of  the thin films  was acquired.  

SEM  observations  could  be linked  to single  spraying parameters, offering  a way  to op-  

timize  process variants  step  by  step.  Further,  SEM  images  offer a possibility  to extract  

quantitative  values for the AgNW  density  by  introducing  the value  of  the AgNW  surface 

fraction  (𝜑s), which is the relative area covered by  AgNWs. This  is an important value  

for evaluating  and  comparing  properties of  AgNW-networks.  For that purpose, the image 

processing  software  ImageJ  was used. In  a next  step,  percolation  models were  applied on 

experimental  data of  the embedded AgNW  networks. Other available  characterization  

methods  were  used, which included  energy  dispersive X-Ray  spectroscopy  (EDX)  and  

profilometry. The  stability  of  AgNWs was investigated  through  storage  at elevated tem-  

perature  conditions  for a prolonged duration.  Finally, the samples were  tested  as flexible  

transparent heaters. Different bias  was applied between contacts  and  the resulting  sur- 

face temperature  was monitored.

1.2.3 Outline  of  the  thesis

This  Master  thesis  is organized as follows.  Chapter  2 ’Theoretical  background’ lays down  

the relevant literature  and  gives  theoretical  background  on important aspects for this 

work,  which regard flexible  substrates,  ultrasonic spray-coating,  transparent conductive  

materials  in general and  AgNWs in specific. Percolation  theory, as well  as the principles  

of  transparent heaters  are  explained.  Chapter  3 ’Materials  and  methods’ describes  the 

experimental  work  and  gives  an overview  of  the applied deposition techniques  and  char- 

acterization  methods. The  next  chapter  4 ’Results  and  discussion’  concerns the detailed 

analysis  and  discussion of  the obtained experimental  data. The  final  conclusions  are  

drawn  in chapter  5 ’Conclusions’. The  thesis  ends  with a short outlook  towards  possible  

future research  in chapter  6 ’Outlook’.
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2  Theoretical  background

2.1 Flexible  substrates

For a smooth transition  from  lab-scale  research  to large-scale production,  industry  aims  

for continuous roll-to-roll  (R2R)  manufacturing  instead of  batchwise  production.[12]  R2R  

means, that all depositions and  treatments  for the final  product are  applied between 

two rolls, the infeed and  the outfeed. Flexible  substrates  are  required  for the rolled-up  

product. But  apart from  manufacturing  reasons,  flexible  substrates  have attracted inter-  

est  because  the show advantages when compared to rigid  substrates.  Reduced  weight, 

cost-efficiency, storage  in rolled-up  form,  the convenience in applications  and  ease  of  in-  

tegration  in curved  or wearable  devices are  convincing factors. Hence,  big  effort  is put  

into enabling  depositions of  various  materials  on flexible  substrates  for electronics.[13] 

But  a recurring  drawback  in manufacturing  is the heat sensitivity,  due  to the organic 

nature of  flexible  polymer substrates.  

In  table 2.1 properties of  common flexible  substrates  are  qualitatively  compared.[14] 

Attention  should be devoted to comparing  PC  to other conventional  polymers, but  the 

results  of  developed  TEs  on PC  could  be easily  transferred to PET, PEN  or others.

Table  2.1: Qualitative  properties of common  flexible  substrates: Observational  compar- 

ison  of  flexible polymer substrates, based  on  a review by  Dhanabalan  et  al.[14].  The 

ranking follows excellent - good - fair  - poor.

optical  operating  dimensional surface  solvent moisture  

clarity temperature  stability roughness resistance  absorption

PC excellent fair  fair  good poor  fair  

PET good fair  good poor  good good 

PEN  good good good poor  good good 

PES  good good fair  good poor  poor  

PI poor  excellent good good good poor

PC = Polycarbonate PEN  = Polyethylene naphtalate  PI = Polyimide 

PET  = Polyethylene terephtalate  PES  = Polyethylene sulfonate
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PC  is tempting  in terms of  optical clarity, but  suffers  from  limitations  in the operating 

temperature. The  temperature  is limited by  the 𝑇𝑔 value, which indicates the point, 

where  polymeric  chains start  to move and  cause  the material  to deform.  The 𝑇𝑔 of  PC  

is around  145°C.[15] PI  for instance exhibits  a 𝑇𝑔 up to 400°C [16], due  to stiffer  chains.  

Manufacturing  conditions  for processing PC  should not  exceed a threshold of  100 °C  to 

prevent product deformation when T approaches 𝑇𝑔.

2.2 Ultrasonic spray coating

Ultrasonic spraying (USS)  is an interesting  technique,  as it is easy  to upscale  and  mostly  

working at ambient conditions.  It  is compatible  with R2R  and  beneficial  for sustainabil-  

ity  as well  as for economic  reasons.  Further scalability  can  be obtained by  multi-jet  and  

multi-nozzle  modes,  as applied in industry. It  is  distinguished between spray-pyrolysis  

and  spray-coating.  Spray-pyrolysis  includes  a reaction.  In  spray-coating,  heating  can  be 

applied to evaporate  solvent, but  no reaction  occurs  for film  formation.[17]  Literature  

is often focussing on spray-pyrolysis.  But  knowledge  from  spray-pyrolysis  can  be trans-  

ferred  to spray-coating  of  nanostructures, when keeping the basic difference  in mind. The  

set-up and  parameters  are  similar, but  deposition mechanisms  are  obviously different.  

The  ultrasonic nozzle  is the center-piece  of  an ultrasonic spray-coater.  The  nozzle  

forms  a spraying cone  of  tiny  droplets by  using  ultrasonic energy, it vibrates at a specific 

frequency and  a standing wave is formed. When the nozzle  power  is high  enough, the 

amplitude  of  this standing wave is increased until  the peaks  break  off and  tiny  droplets 

are  formed. The  droplet size can  be estimated  with equations  based on Lang equation  

(equation 2.1).[18]  Additional  dependencies on the nozzle  geometry and  the solvent vis-  

cosity, flow rate  and  the amplitude  of  ultrasonic vibrations  were  introduced  by  others  in 

literature.[19] The  latter are  linked  to critical  values, above these  becomes  the influence 

of  the parameters  significant. But  Lang equation  gives  a good approximation  of  the 

droplet diameter  from  ultrasonic nozzles,  which is mainly  dependent  on the frequency, 

the surface tension  and  the density  of  the solvent.

𝑑 = 0.34(
8𝜋 𝜎

𝜌𝑓2
)1/3 [18]  (2.1)

d... droplet diameter  f... frequency 𝜎...  surface tension 𝜌...  solvent density

In  figure 2.1 a scheme  of  USS is depicted. An ultrasonic spray-coater  is equipped  with 

a supply  that feeds  the ultrasonic nozzle. The  stream is directed towards  the substrate  

by  a stream of  pressurized  gas, the so-called shaping air. The  droplets decrease  in their  

diameter  during  their  flight, due  to solvent evaporation.  The  droplet size determines the 

interaction  of  the material  with the substrate. They  either hit  the surface as droplet, 

agglomerate  or precipitate, as vapour  or very  dry powder.  As indicated to the right in 

figure 2.1, either the I)  substrate  temperature  or the II)  initial  droplet size decide  over
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the solvent content and  final  droplet size at the moment of  deposition.  But  the final  

droplet size is further dependent on the flow rate  and  shaping air  pressure. Furthermore, 

the nozzle  to substrate  distance and  the droplet velocity  influence the final  droplet size 

and  film  formation.  Hence,  a whole  set of  interacting  parameters  control homogeneity, 

morphology  and  the general properties of  the deposited  thin film  from  USS.

Figure  2.1: Spray-coating: USS and evaporation  processes are sketched.  Droplets  are gener- 

ated at  an  ultrasonic nozzle. The right side  shows that  droplets of  either  I) constant  

size  but  increasing temperature  or  II) decreasing  initial  droplet  size  at  constant  

temperature  determine the  final  droplet  size,  when  solvent is evaporating during the  

flight towards the  substrate. (modified  from  Filipovic et  al.  [4])

Sprayed  droplets are  exposed to turbulences induced by  the shaping air, solvent evap-  

oration  and  repulsion from  the heated substrate. Following  four  main  forces  determine  

the trajectory  and  evaporation  kinetics of  droplets in spraying techniques.[20]

a) Gravitation  b)  Thermophoretic  forces  c)  Stokes  forces  d)  Electric forces

Gravitation  pulls droplets downwards,  which depends on the droplet mass. When 

droplets approach the heated surface, velocity  decreases along a thermal gradient. This  

is due  to a thermophoretic  force,  which pushes droplets away  from  the heated surface. 

The  droplets experience  another retarding  force,  due  to the air  resistance,  the so-called 

Stokes  force.  In  spraying-techniques  like spray-pyrolysis  or electrospraying,  when ions  

are  involved  in the deposition  mechanism, electric  forces  add  up to a total of  the four  

main  forces.[20, 4] The  interplay  of  these  forces  is not  trivial.
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A strive for deposition of  solid  particles from  gas phase is often discussed  in literature.[4,
17] This  case  is sketched to the very  right in figure 2.1,  as obtained from  either high  sur- 

face temperature  or small initial  droplets. But  it is a matter of  discussion if  it is beneficial  

to evaporate  all solvent prior to thin film  formation.[20]  In  spray-coating,  deposition from  

wet  and  stationary  droplets can  be desired.  Wet  droplets undergo splashing and/or form  

stationary  droplets. Droplets  can  dissipate  energy  by  splashing on the substrate. Sta- 

tionary  droplets are  formed for a certain  amount of  time, while solvent evaporates.  A 

stationary  droplet can  either result  from  lower  substrate  temperature  or bigger  initial  

droplet size. Spreading of  slightly  wet  droplets of  optimal  droplet size, velocity, impact 

and  wetting  can  contribute  more to the film  deposition  in spray  coating than dry powder 

deposited  from  gas. 

The  initial  droplet size is of  microscale  importance,  but  the shape of  the spraying cone  

further affects  the coating in a macroscale  manner.  Perednis et  al. [20]  showed  that 

droplets concentrate  within  a narrow angle,  centered within  the spraying cone  from  an 

air  blast atomizer.  In  figure 2.2 their  idea of  the spraying cone  and  the vapour  vent 

is depicted. The  vent partly  directs  the stream away  from  the center and  out  of  reach 

for film  deposition.  They  discuss  that it is difficult  to estimate the exact  impact of  

certain  forces  on the vent. But  the spraying cone  might be deformed and  can  cause  

material  loss  to the vent, which is interesting  when discussing material  loss  within  the 

spraying chamber  and  to the overspray. The  fraction  of  coating that is not  deposited  on 

the substrate  but  on surroundings is called overspray. A certain  amount of  overspray  is 

taken  into account to guarantee,  that the substrate  faces the same  interaction  with the 

center of  the spraying cone  to achieve homogeneous coverage.

Figure  2.2: Spraying  cone: The aerosol  transport within the  spraying  cone  can  be separated 

into  a centered  direct stream and the  vent.  The centered  stream carries  the  main 

part  of  material  to  deposit. A fraction  of  the  stream is changed in  trajectory  and 

lost  to  the  vent.  (modified  from  Perednis et  al.  [20])
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An optimized recipe is thus  required  to assure  that the whole  substrate  area faces the 

same  interaction  with the center of  the spraying cone. Several parameters  need  to be 

studied,  which depend on the specific  material.  Well  considered process-parameters  make 

it possible  to avoid  inhomogeneous coverage  and  control the interactions  during  the film  

formation.

2.2.1 Process and  parameters

The  USS-process  implicates  the following  parameters, as summarized  in table 2.2.  Well  

considered spray-parameters  determine  droplet size, velocity, droplet impact, residence 

time  of  droplets on the substrate  and  the evaporation  kinetics.  The  parameters  interact  

with each other and  significantly  affect  the final  thin film  properties. Detailed discussion 

of  the influence of  single  parameters  on the outcome  of  sprayed  nanowires  and  nanopar- 

ticles follow in chapter  4.

Table  2.2: Parameters  for  ultrasonic  spray-coating  of nanostructures: USS parameters 

are listed and explained.  The final  outcome of  sprayed nanostructured  thin  films is 

determined by  setting optimal parameters.

Substrate temperature - hot-plate temperature, where  samples are  positioned

Suspension  composition - choice of  solvent and  possible  additives

Suspension  dilution - solid  content of  nanostructures dispersed  in the solvent

Nozzle  power - power  causing the nozzle  to vibrate  to induce nebulization

Flow rate - volume of  suspension per  unit of  time  that is nebulized

Shaping  air - air  stream pressure that directs  the stream to the substrate

Spraying  pattern - shape of  lines  drawn  by  the moving nozzle

Spacing - distance in between sprayed  lines

Spraying  speed - velocity  of  the nozzle  movement

Sample position - position  in the chamber  within  the spraying area

Overspray - excess  material  deposited  beyond  the targeted  area

Scan  number - number  of  layered spraying repetitions  to build the film
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2.2.2 Coffee  ring  effect

A recurring  issue  in terms of  depositions  from  solution  or suspensions is the so-called 

coffee ring  effect.  Ring-like structures can  occur  in thin films  deposited  from  solution.  

These  were  first called ’coffee  rings’  by  Yunker et  al. in 2011  [21], because  microscope  

images  resemble  dried drops of  coffee.  It  results  from  the drying process,  where  a cap-  

illary flow forces  particles to suspend  along the narrow edges of  the initial  droplets.[22] 

The  effect  is schematically  depicted in figure 2.3,  where  directions  of  the capillary  flow 

to the narrow edges,  the contact lines,  are  indicated with arrows.  The  morphology  of  the 

rings  is studied  thoroughly  in literature  and  was reported to be affected, for instance,  by  

the particle  shape [21], external forces  like acoustic fields [23]  or alternating  frequencies 

[24]. Due  to complex  fluid  dynamics,  several coffee ring  patterns are  possible.[25, 26] 

The  wetting  is often discussed  in regards  to coffee rings.[27]  The  wetting  behaviour  is 

quantified  by  the contact angle [28]  and  determines the position  and  length of  the three 

phase contact  line at the interface of  suspension,  substrate  and  atmosphere  at the droplet 

edges.  This  contact  line is indicated in figure 2.3 for different  wetting  cases. The  wetting  

significantly  affects  the final  pattern  and  morphology  of  coffee rings.[27, 29] It  is reported 

that hydrophobic  surfaces and  poor wetting  help to avoid  coffee rings.[30]

Figure  2.3: Coffee  ring effect: Suspended nanoparticles  within a sessile  droplet  can  cause  ring- 

shaped solid stains,  similar  to  dried drops of  coffee.[22, 21] Rings mark former  contact  

lines  of  suspension,  substrate  and atmosphere.  Kinetics  of  the  particle  diffusion to  

droplet  edges are controlled  by  several  parameters,  including  the  wetting.[31]

Furthermore, the process is diffusion controlled and  highly  time-dependent.[32]  The  

residence time  of  droplets on the substrate  is thus  important.  For instance,  when the 

drying process is faster,  fractions  of  nanostructures diffuse  to gradually  shrinking droplet 

edges.  The  droplet is decreasing in diameter  and  so are  the rings.  This  results  in sev-  

eral coffee rings  within  the initial  droplet size, which is referred  to as inner  coffee ring  

deposits (ICRDs).[33]  The  ICRDs are  linked  to later  pinning of  contact lines  as a result  

of  evaporation  kinetics.  

Such stepwise  pinning of  contact lines  is sketched in figure 2.4.  A balance between 

static  and  dynamic  friction  inhibits a smooth  motion.  Contact lines  pin  at decreasing 

diameters  in a stick-slip mechanism.[34, 25]
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Static  friction  needs  to be exceeded, otherwise, the droplet sticks.  The  droplet de- 

creases in curvature,  before  the contact line is shifted. The  droplet then slips  to a new 

equilibrium position.  It  sticks until  it again slips. When the stick  phases  are  longer  than 

diffusion time, particles diffuse  to the shrinking droplet’s  edges.

stick:  particles diffuse  to contact lines,  solvent evaporates  and  curvature decreases 

slip: static  friction  is overcome  and  diameter  decreases until  the contact line pins

Figure  2.4: Inner coffee  ring deposits: Elevated substrate  temperature  avoids I) single  coffee 

rings but  causes II) ICRDs.  This is argued to  come  from  diffusion kinetics  and 

stepwise sticking  and slipping  of  contact  lines  during droplet  shrinkage.[33]

Coffee rings  are  usually  not  desired.  They  can  cause  inhomogeneities and  disturbed  

morphology  and  this influences  the surface roughness  of  deposits from  solution.  Re- 

searchers  have reported methods  to circumvent  or minimize  this effect.  Mampallil  et  al. 

[31]  summarized  ways  to suppress  coffee rings  by  three strategies.

I)  prevent pinning of  contact  lines  

II)  hinder particles to be transported to contact  lines  

III)  disturb the capillary  flow

The  influence of  the speed of  evaporation  is discussed  in literature, which affects  the 

stationarity  of  pinned contact  lines.[33] If  the droplet shrinkage  rate  is lower  than the par- 

ticle  diffusion rate, particles have time  to be transported to the edges.[32]  Fluid  dynamics  

and  particle  diffusion are  affected by  temperature  gradients  and  controlled temperature  

treatment is therefore  important.[35]  The  coffee ring  effect  is also dependent  on the size 

and  shape of  the nanostructures.[6] This  can  be attributed to a reduced  capillary  flow.  

Fleury  and  coworkers  [6] progressively  decreased coffee rings  with non-stable, agglom-  

erated colloids and  obtained better  homogeneity  in sprayed  thin films  of  nanoparticles.  

Yunker et  al. [21]  similarly  showed  suppression of  ring  formation  with ellipsoidal parti-  

cles. Movement of  particles to the edges of  shrinking droplets is in summary  suppressed 

by  fast solvent evaporation,  elongated nanoparticle  shapes, increased nanoparticle  size 

and  well  considered thermal treatment.
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2.3 State  of the  art  transparent conductive materials

Transparent  conductive  materials  (TCMs) represent a broad class  of  materials  that com-  

bine high  electrical conductivity  and  maximal  optical transparency. This  property  com-  

bination  was first reported by  Karl Bädeker  in 1907  for Cadmium  Oxide.[36] A lot  of  

effort  has been devoted to the development  of  materials  of  this kind.  Nowadays,  they  

are  required  in a wide  range  of  applications  and  known  under  the term  of  transparent 

electrodes (TEs). To maintain  transparency while sufficient conductivity  is provided is 

a challenging matter of  modern engineering.  

A common benchmark for TEs  was introduced  by  Haacke [37]  who  proposed a figure of  

merit  (FOM)  in 1976. Although other FOMs  exist, depending on the field of  application,  

Haacke’s  FOM remains widely  used (equation 2.2).  This  value  is desired  to be high  

and  can  act as a ranking  of  TEs.  High 𝐹 𝑂 𝑀𝐻 𝑎𝑎𝑐k 𝑒 values represent good transparent 

electrode  performance.

𝐹 𝑂 𝑀𝐻 𝑎𝑎𝑐k 𝑒 =
𝑇 10

𝑅s
[37]  (2.2)  

Sophisticated  nanomaterials  were  developed  as TCMs. For instance,  for application  

in organic light-emitting  devices [38], for photovoltaics  [39]  or for flexible  transparent 

heaters  [40, 41, 42].  Established TCMs  can  basically  be divided into three groups  - 

transparent conductive  oxides, organics  and  metals.

2.3.1 Transparent  conductive oxides

Since  Bädeker  [36]  launched CdO,  development  focussed  on other transparent conductive  

oxides (TCOs).  Particularly, 𝑆 n𝑂2 marked  a breakthrough for heated airplane cockpit  

windows,  as patented in 1947.[43]  In  1970s, indium  oxide  began to rise  and  tin  doped  

indium  oxide  (𝐼 n2𝑂3 : 𝑆 n𝑂2) still sets  the market  standard  for TCMs.[44] But  indium  

is scarce,  the supply  heavily  controlled and  research  is striving for alternatives.  

The  balance of  high  optical transmittance and  low resistance  is tackled  in TCOs by  

thoughtful energy  band  structure engineering.  TCOs are  n-type doped semiconductors  

with wide  bandgaps  of  2.5 - 5 eV.[45]  Common TCOs are  often based on 𝐼 n2𝑂3, 𝑆 n𝑂2, 

ZnO  and 𝑇 i𝑂2.[46, 44] The  conductivity  of  the TCO is dependent on the composition  

and  microstructural  characteristics, such as the particle  size, the defect concentration,  

the density, the morphology  and  the distribution  of  phases.  Undoped  ZnO  for instance,  

can  be processed as conductive  thin films, but  for that purpose  the layer  needs  to be 

thick  and  dense  enough and  depositions usually  require  higher  temperatures to control 

the growth  of  the layer.[47]
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The  conductivity  of  TCOs can  be significantly  enhanced by  intentional  doping,  which 

is widely  applied and  leads to a long  list of  different  reported  TCOs.[48] Heavily  doped  

ZnO  with In  [49, 50] Ga [51]  or Al  [52]  (IZO, GZO or AZO) are  for instance promising 

candidates,  as well  as commercially  available  flourine  doped  tin  oxide  (FTO).[53]

2.3.2 Organic  conductive materials

At the beginning  of  21st  century, organic conductive  materials  attracted attention.  They  

represent an important field of  research,  as honored with Nobel Prizes  [54, 55] in short 

time  intervals. For flexible  applications, the brittleness of  oxides is unfavourable  and  

organic TCMs  can  meet  requirements  for flexible  devices in a more straight-forward  

manner.  Also, they  are  usually  cheap and  solution-processable. The  field of  organic 

TCMs  can  further be separated into organic nanostructures and  conductive  polymers.

2.3.2.1  Carbon-based nanostructures

The  quick  rise  of  graphene, since the discovery  in 2004  and  as awarded with a Nobel 

Prize in 2010  [54], shows  that carbon-based  nanostructures exhibit high  potential  for 

modern applications  on basis of  the very  abundant material  carbon.  Graphene  is a single  

hexagonal layer  of  graphite, first studied  in 1947.[56]  Apart from  graphene, 2D layers  of  

carbon  in rolled up form  have also attracted attention  under  the term  of  carbon  nanotubes  

(CNTs).[57] These  allotropes  of  carbon  contain  numerous  double  bonds, to which their  

high  electrical conductivity  is attributed. Gaps in deposited  networks  and  the very  low 

thickness  allow light to pass  and  cause  optical transmittance  on top  of  conductivity.  Thin  

films  of  graphene  and  CNTs are  as well  suitable  candidates  for replacing ITO.[57, 58, 59]

2.3.2.2  Conductive  polymers

Another sensation  was the idea to apply  doping mechanisms, as known  from  semiconduc-  

tors, to polymers. The  doping mechanisms  are  obviously different,  but  the principle of  

incorporating  very  small amounts  of  certain  species  to largely increase  the conductivity.  

is similar. Doping of  polymers  refers  to a partial  oxidation  or reduction  of  the polymer 

to delocalize electrons. The  work  on conductive  polymers  was awarded with the Nobel 

Prize in 2000, which innovated polymer chemistry and  electronic  industry.[55] In  early  

stages, a lot  of  work  was devoted to the improvement of  processibility  and  stability  of  

conductive  polymers.[60] Research  started with Polyacetylene.[55] Nowadays,  Polyani-  

line (PANI) and  Poly(3,4-ethylene  dioxithiophene) (PEDOT) are  common.  They  have in 

common,  that they  exhibit conjugated  backbone  chains of  alternating  double  and  single  

bonds. 

PEDOT  is mostly  combined  with poly(4-styrenesulfonate)  (PSS), which makes  it sta- 

ble  in aqueous dispersion  and  allows  application  on an industrial  scale  from  aqueous
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solution.[61] As depicted in figure 2.5,  the structure PEDOT:PSS can  be described  hier-  

archically  by  primary, secondary, terniary and  quarternary  structures.[62] Understanding  

the structure makes  the properties of  conductive  polymers  comprehensible.

Figure  2.5: Structure  of PEDOT:PSS: Shown are hierarchic structures.  Due to  electrostatic  

interaction,  hydrophobic PEDOT attaches  to  hydrophilic PSS.  A water  soluble gel  

is formed.  PEDOT (brown)  is conductive if  packed and well  segregated  from  PSS.  

(modified  from  Mochizuki  [63]  and Horii et  al.  [62])

The  primary structure shows  the monomer units. PEDOT  and  PSS  form  a polyionic  

complex.  But  the conductivity  of  the complex  is linked  to PEDOT, a fully conjugated  

and  rather  stiff  polymer,  where  electrons can  move freely  along the backbone  of  de- 

localized 𝜋-orbitals.  PEDOT:PSS is formed from  electrostatic  interactions.[64]  Rigid 

PEDOT-fractions  tend to stick to flexible  PSS-chains,  as shown  in the secondary  struc- 

ture. The  water solubility of  PEDOT:PSS can  be explained  by  the ternary  structure. 

PEDOT  aggregates  and  induces  the formation  of  colloidal  gel particles of  hydrophobic  

PEDOT-cores  and  hydrophilic  PSS-shells. These  particles are  suspendible  in water,  as 

sketched in the quarternary  structure.[63] 

The  conductivity  of  PEDOT  can  further be explained  with figure 2.6.  PEDOT  has 

a stiff  and  mostly  aromatic  structure, stacks of  PEDOT  can  thus  be represented as 

layered sheets.[65] Conductive  PEDOT  forms  a separate  phase from  PSS. Basically, three 

charge-transport processes are  possible  between these  lamellaes in the solid  state. Charge  

transport  is possible  a) intrachain,  b)  interchain or c)  interlamellar.  Conductivity  is 

decreasing from  a-c, intrachain to interlamellar.  The  intrachain transport  along the 

backbone  is contributing  most  to the conductivity.[66, 65]
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Figure  2.6: Lamellar 𝜋-𝜋-stacking  in PEDOT: Three  conduction paths  are available in  

stacked PEDOT lamellas.  a)  Intrachain  contributes  most  to  the  conductivity.  b) 

Interchain, or  face-to-face transport is improved by  dense packing.  c)  Interlamellar 

has a small  contribution.  Any  measures  improving  the  stacking,  crystallinity  and 

phase  segregation  of  PEDOT from  PSS  enhances  the  conductivity  of  the  conductive 

polymer.  (modified  from  Gueye et  al.  [65])

There  are  possibilities to enhance  the conductivity  of  PEDOT:PSS. Most  of  them  can  

be ascribed  to two effects. But  exact  mechanisms  are  a subject of  debate.[67]

I)  improved  packing density  of 𝜋-𝜋-stacked  PEDOT  

II)  improved  phase separation  of  PEDOT  from  PSS

There  is a lot  of  literature  dealing with understanding the conductivity  of  free-standing 

PEDOT:PSS films.[67, 68, 65] The  most  prominent attempt  for PEDOT:PSS conduc-  

tivity  enhancement  is doping with high  boiling point solvents  like Dimethylsulfoxide  

(DMSO)  or Ethyleneglycol  (EG).[69, 70] This  is said to decrease  the PEDOT:PSS water 

solubility, leading to better phase separation  between PEDOT  and  PSS. This  is increasing 

the interactions  between PEDOT-sheets  and  thus  increases the conductivity.[70] Another 

effective  approach is pH-optimization.  Acidic pH is reported to successfully decrease  the 

sheet  resistance.[63] Acidity also improves  the phase separation  of  PEDOT  from  PSS  in 

free standing PEDOT:PSS.

2.3.3 Metallic  conductive nanostructures

In  terms of  electrical properties, it is hard for ceramics  or organic materials  to compete  

with electron conductors  like metals.  Metals,  on the contrary  to insulators  and  semi-  

conductors, have huge  densities  of  free electrons and  exhibit high  electron mobility.[71]
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But  in metals,  the fraction  of  light not  reflected from  the surface, is absorbed  by  the 

electron gas and  the lattice.  Sophisticated  engineering  is thus  required  to limit optical 

losses,  while electrical conductivity  is maintained.  Consuming a very  low quantity  of  raw 

material  is key, when striving for metal-based TEs.  This  challenge  can  be tackled  by  

either I)  ultrathin layers  of  metal  or by  II)  metallic nanostructures like nanowires.  Both  

attempts  require  modern engineering  and  controlled deposition.

2.3.3.1  Metallic thin films

Very  thin metallic films, sandwiched between dielectric  layers  in dielectric-metal-dielectric  

(DMD) stacks  can  meet  TE  requirements.[72, 73]  Through  this architecture, reflection  

losses  are  minimized by  destructive interference at the different  interfaces.  The  thin lay-  

ers  of  metal  have thicknesses down  to 6 nm.[72]  A certain  critical  thickness  needs  to be 

exceeded to provide  a continuous  conductive  film,  the thin film  deposition must  therefore  

be well  controlled. The  metal  film  can  be formed in an island  growth  mode,  which affects  

the minimal  thickness.  The  island  films  can  be desired  or not.[74] 

Coinage  metals  are  common metals  in DMDs,  as they  possess low optical loss  and  high  

conductivities.  Silver  is dominating  the field of  metallic conductive  materials  due  to the 

highest  known  electrical conductivity  of  bulk Ag among  metals.[75]  But  the implemen- 

tation  of  other metals  like Cu  [76, 77] or Au [78, 79] instead of  Ag, are  also reported in 

DMDs as well  as in nanowire-based  TEs.

2.3.3.2  Metallic nanowires

The  most  prominent metal  nanostructures are  silver  nanowires  (AgNWs). When de- 

posited  as a random  network  of  sufficient density, the network  provides electric  percola-  

tion  paths, while free gaps still allow light to be transmitted.[80, 7] 

Synthesis  of  such nanostructures is  sophisticated. But  since polyol reduction  was in-  

troduced  in 2002  [81], AgNWs attracted particular  attention.  Directional  growth  can  be 

induced by  a variety  of  methods, for instance hydrothermal reaction  [82]  or electrode- 

position [83]. But  polyol reduction  is  most  common and  commercially  applied. The  

challenge  in synthesis  is to control the length (L) and  diameter  (D),  which are  included  

in the value  of  the aspect  ratio (AR=L/D). The  effect  of  the AR on properties of  AgNW- 

TEs  is studied  and  modelled and  studied  extensively  in literature.[84, 85] Synthesis  is 

thus  expected to guarantee narrow L-  and  D-distribution  for reliable  AR-distributions  

and  reproducibility  of  targeted  properties in the final  TEs.  

The  fabrication  of  AgNWs by  polyol reduction  is using  a polyol (usually Ethylene  

glycol)  as reductant  of  a metal  precursor (usually 𝐴𝑔  𝑁 𝑂3), in the presence of  a capping 

agent (usually Polyvinylpyrrolidone, PVP).[81]  This  causes an anisotropic  confinement 

and  induces  growth  in one  dimension.  The  basic principle of  this synthesis  route is 

depicted in figure 2.7.  PVP  passivates  (100)  sides and  exposes lower  energy  (111)  sides as
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abundant seeds  for Ag deposition.  PVP  was originally  only  used to prevent aggregation,  

as it is a common surfactant. But  it was shown  to be crucial.[86, 87] PVP  exhibits  

carboxyl  groups  that preferably  attach  to (100)  sides via Ag-O  coordination,  as sketched 

with red dashed lines  in figure 2.7 below.  Conformational reasons  thus  explain  the role  

of  PVP  in the unidirectional  growth.[88]

Figure  2.7: AgNW  synthesis  via  polyol  reduction: Shown is the  role of  PVP  in  the  direc- 

tional  growth  of  AgNWs from  reducing 𝐴𝑔 𝑁 𝑂3 with ethylene glycol.  PVP  passivates 

(100) and leaves (111) free  for Ag  deposition,  which induces the  1D-growth.[81, 86]

The  precise  control of  AgNW-synthesis,  mostly  through  PVP  concentration,  gives  rise  

to commercially  available  AgNWs of  narrow L- and  D-distributions.[89] This  is important 

to predict and  control optical and  electrical properties of  percolating  AgNW-networks.[84]

2.4 Percolation  theory

It  is crucial  to obtain  percolating  behaviour, when working with AgNW-networks.  Perco- 

lation concepts describe abrupt  transition  changes,  caused by  the formation  of  long-range  

networks. Percolating  networks  describe interaction  patterns in complex  systems  as ap-  

plied in physics,  biology and  sociology  or also,  to understand  epidemic  spreading.[90, 91]

2.4.1 Principles of  percolating networks

In  terms of  AgNW-networks, the system  changes  from  non-conductive  to conductive  when 

entering  the percolating  regime  by  exceeding a critical  AgNW-density.[90] To explain  the 

concept  of  percolating  networks  in simple  terms, an efficiently  working public  transport  

system  is hereinafter discussed  as a functional  analogue. Figure 2.8 shows  the Viennese  

subway  network  growth  from  a) 1982  - d)  2030. A construction of  subway  lines  of  optimal  

length and  spatial distribution  allows  public  transport  in a fast and  convenient manner,  

which is linked  to high  mobility. But  a wholly  interconnected network  that covers  broad 

areas  is required.
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Figure 2.8 shows  interesting  features  of  percolating  systems,  as the development  of  the 

Viennese  subway  system  has a positive impact on the personal  mobility.

(a) Viennese  public transport system in  1982 (b) U3  line addition  in  2000

(c) U5  line addition  as  planned  until 2023 (d) Further  planned  line expansions  until 2030

Figure  2.8: Viennese subway system, a  percolating network: Public transport systems 

affect  the  mobility,  which is comparable to  electron-mobility  in  percolating AgNW- 

networks.  a)  A working  subway  system in  1982  is built  on  four lines. b) Addition  

of  U3  (orange)  in  2000  increased mobility  significantly,  additional  lines  improve 

mobility.  c)  But  planned  U5  (turquoise)  will  not contribute  as  much as  U3  did.  As  

soon  as  a critical  number  of  lines  is by  far exceeded,  additional  lines  contribute  less  

to  the  overall  mobility.  c-d)  Expansions of  lines  also  increase mobility,  but  to  a lower  

extent than  the  line-density.  (graphs  https://www.u-wien.at/ausbaustufen)

In  1982  the network  started to cover  the most  important  spots and  a critical  density  

was exceeded, the network  started to work.  Using public  transport  was suddenly  an effec- 

tive way  of  transport  in the city. When U6 (brown)  was expanded and  U3 (orange)  was 

added in 2000, the perceived  mobility  increased significantly. When further lines  were  

added, more benefits  were  gained.  U5 (turquoise) will, as supposedly  finished until  2030, 

further improve mobility. But  addition  of  U5 will  not  have an impact as high  as the ad-  

dition  of  U3 back  then.  The  contribution  of  one  line to the overall  mobility  is not  as high  

anymore.  The  expansion of  lines  also positively  affects  the network-quality, it reduces  the 

required  number  of  junctions  for changing  lines.  But  the highest  impact has the addition
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of  new lines  in early  stages of  the network-formation.  One  can  conclude,  that addition  of  

single  lines  has a higher  impact on the overall  network-mobility, if  the line density  is low.  

If  the line density  is high  already, additional  lines  improve mobility, but  to a lower  extent.  

Hence,  mobility  contribution  of  additional  lines  is decreasing with increasing line density. 

Insights  gained  from  this example suggest  some  effects  that can  be linked  to AgNW  

networks. The  line-density  (AgNW-density)  determines the mobility  (electrical conduc-  

tivity  or resistance).  The  speed  and  quality  of  the lines  themselves  are  important for the 

efficiency of  the network  (wire  resistance).  Also the length of  the lines  has an important 

impact, as it influences  the required  number  of  changing  possibilities. The  efficiency of  

changing  between lines  can  be rate-determining,  such as one  tries to avoid  changing  the 

lines  in subways (junction  resistance).  But  the premise for these  assumptions  is that the 

network  exhibits  a random  and  sufficient distribution  of  lines  and  junctions.  And it needs  

to exceed a minimal  density  to actually percolate  (critical  AgNW-density).  Otherwise, 

the network  breaks down.

2.4.2 Dependence  of  electrical properties on  the  AgNW-density

Percolating  networks  exhibit critical  values and  show sudden changes  in properties when 

these  values are  approached. For AgNW-networks close  to their  percolation  threshold, the 

conductivity  as a function  of  the AgNW-density, AgNW-length, the device-width or also 

the AgNW-alignment-angle can  be described  with power  laws.[93]  Several groups  have 

worked  on analytical [84, 94, 95, 96] and  computational  [93, 85, 97] models to describe 

the electrical properties of  sparse  AgNW-networks. The  aim  of  these  percolation  models 

is to describe the sheet  resistance  (𝑅s) as a function  of  AgNW-density  (𝜑s), while the 

wire-  (𝑅w) and  junction-resistance  (𝑅j) are  accordingly considered.

𝑅n𝑒tw or k ≈ 𝑅s ≈ 𝑓 (𝜑s, 𝑅w, 𝑅j) (2.3)

𝑅n𝑒tw or k → network-resistance,  given by  the  measured sheet resistance  (𝑅sℎ𝑒𝑒t, 𝑅s)
𝜑sur 𝑓 𝑎𝑐𝑒 𝜑s → AgNW-density,  biggest impact  on 𝑅s

𝑅w ir 𝑒 𝑅w → wire-resistance,  depends on  the  wire material
𝑅j un𝑐tion 𝑅j → junction-resistance,  depends on  junction-quality  and network-connectivity

The  AgNW-density  can  be quantified  differently. It  can  be represented by the num-  

ber  of  wires  [96]  or the number  of  junctions.[85, 98] But  these  numbers  do not  consider 

distributions  of  AgNW-lengths  and  -diameters  from  synthesis,  which causes an error 

in modelling.[84] Alternatively, AgNW-density  can  also be quantified  by an areal mass  

density of  Ag [94]  or an areal surface fraction.[84]  The  AgNW  surface fraction  can  be 

extracted  from  optical transmission  measurements  [84]  or from  image processing  as a 

fraction  of  pixels.[92]  In  this work,  the AgNW-density  is extracted  from  SEM  images  as 

the surface area fraction  that is covered with AgNWs, as referred  to with 𝜑s.
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The 𝑅s as a function  of 𝜑s describes  important electrical characteristics of  percolating  

AgNW-networks. The  power  law shown  in equation 2.4 introduces  theoretical  values, 

namely  the critical  density 𝜑𝑐, the critical  exponent t and  the proportionality  factor  M.  

The  values are  explained  in detail  below and  will  be further discussed  in chapter 4, when 

percolation  modelling is applied to own  experimental  data.

Rs =
M

(𝜑s − 𝜑c)t
[84]  (2.4)

𝜑s = 𝜙𝐴𝑔

𝜙tot𝑎l
[ ] = silver  nanowire  surface fraction → experimental  value

Rs [ Ω
sq ] = sheet  resistance  of  the network → experimental  value

𝜑𝑐 [ ] = critical  AgNW  surface fraction  

minimal 𝜑s that is required  for an interconnected network

M [ ] = material  factor  

proportionality  factor  which is indipendent  from 𝜑s

t [ ] = critical  exponent 

deviation  from  linearity  in 1
𝑅s

(𝜑s)

2.4.2.1  Critical AgNW  surface fraction (𝜑𝑐)

The  critical  AgNW  surface fraction  (𝜑𝑐) defines the percolation  threshold. Figure 2.9
shows  three regimes in relation  to the position of 𝜑𝑐. Below 𝜑𝑐, clusters  are  not  con-  

nected. As soon as 𝜑s > 𝜑𝑐, the network  starts  to work  as a network,  AgNWs are  

connected and  build a conductive  backbone. This  backbone  can  carry  a current over  

broad areas  and  causes 𝑅s to decrease  drastically  when 𝜑s exceeds 𝜑𝑐. When 𝜑s >>  𝜑𝑐, 

the system  approaches bulk metal  properties.The network  properties are  sensitive  within  

the percolating  regime  and  small changes  in wire-  and  junction-resistance  have a rela-  

tively  big  impact. It  is  the percolating  regime  that is  of  interest  for transparent electrodes 

to combine high  electrical conductivity  and  high  optical transmittance.  

Lagrange  et  al. [92]  define 𝜑𝑐 as the AgNW-density,  where  the percolation  probability 

is 1
2 . This  would  mean that a charge  carrier  can  either be transferred or not  by  a 50 % 

chance.  Khanarian  et  al. [84]  further introduce  equation 2.5 to  calculate  the theoretical
𝜑𝑐. The  authors discuss  the importance  of  the D- and  L-distribution,  the higher  the 

effective  length of  AgNWs, the lower  is the 𝜑𝑐.

𝜑𝑐 = 

18 ⟨𝐷⟩ ⟨𝐿⟩
𝜋 ⟨𝐿2⟩ [84]  (2.5)  

The 𝜑𝑐 is thus  defined in literature  by  the effective  AgNW-dimensions  as given  by  the 

D- and  L-distributions  [84]  and  also,  by  the percolation  probablity.[92]

21



Figure  2.9: Percolation regimes: The critical  AgNW  surface fraction  is marking the  threshold  

that  needs  to  be exceeded  to  enter the  percolating and conductive regime.  Below 𝜑𝑐

the  network is not conductive. At high 𝜑s the  system approaches  bulk  Ag  properties.

2.4.2.2  Material  factor (M)

Several authors emphasize the importance  of  a multitude  of  material  parameters, like 

the length (L), diameter  (D),  L- and  D-distribution,  synthesis  residuals  and  other apects  

of  processing  and  applied treatments. A material  factor  M  is required  to take these  

influences  into account. Bellet et  al. [94]  refer  to this with a factor  that depends  on 

features  of  the specimen but  not  on the AgNW-density.  Khanarian  et  al. [84]  further 

define  the material  factor  as shown  in equation 2.6 below.  The  D is the AgNW  diameter,
𝜌 the resistance  of  bulk silver  and  C the deviation  of  AgNW-resistance  from 𝜌. It  is 

based on Monte-Carlo  simulations  [99]  and  experimental  data from  AgNWs of  different  

AR that are  embedded in a polymer.[84]

𝑀 = 

8 𝜌 𝐶

𝜋 𝐷
[84]  (2.6)  

If  C = 1, the AgNWs would  be flawless. But  metal  nanostructures cannot achieve the 

same  level  of  conductivity  as bulk metal,  it is thus  assumed that C > 1. The  resistance  in 

AgNWs depends on defects, the size of  the nanostructures and  surfactant residuals  from  

synthesis. When AgNW-TEs are  optimized, then 𝑅s, 𝜑𝑐 and  C should be minimized 

by  considerate  choice of  AgNW-dimensions  and  treatments, which affects 𝑅w and 𝑅j . 

The  specific  contribution  of 𝑅w and 𝑅w are  discussed  in literature. [85, 97, 93] But  the 

relative resistance  contributions  are  not  trivial.[95, 93] The  authors propose  equation 2.6
for networks  with wires  in intimate  contact,  so that 𝑅j can  be neglected.[84]

2.4.2.3  Resistance  ratio (𝑅j un𝑐tion

𝑅w ir 𝑒
)

The  relative resistance  ratio can  be assessed from  microscale  or macroscale  levels.[95]  

In  figure 2.10 a SEM  image of  AgNWs in microscale  is depicted, where  the AgNWs are  

schematically  equivalent to an electrical circuit, as seen  in literature.[95, 93]
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The  AgNW-AgNW  contact resistances  are  shown  as 𝑅j and  the wires  themselves  have 

an intrinsic  resistance 𝑅w.

Figure  2.10: Junction-  and wire-resistances: Schematic representation  of  resistance-  

contributions  in  an  electrical  circuit. Macroscopically,  the  single  contributions  can  

be summarized in  overall 𝑅j- and 𝑅w-values.  (modified  from  [93, 95])

It  is convenient to introduce  a resistance  ratio ( 𝑅j

𝑅w
) to handle  relative resistance  contri- 

butions  from  wires  and  junctions.  Within the percolating  regime, the network  resistance  

can  either be wire-dominated  (low 𝑅j

𝑅w
) or junction-dominated  (high 𝑅j

𝑅w
).

a) 𝑅j un𝑐tion-dominated network - high 𝑅j

𝑅w
:

AgNW-networks  are  often assumed to be dominated  by 𝑅j and  junction-improvement 

is thus  considered particularly  effective.[85, 97]  The  measured 𝑅j of  single  nanowire-  

junctions  are  reported to be extremely  high  without  any  treatment [100]  and  various  ap-  

proaches are  suggested  in literature  to decrease 𝑅j . Possible  treatments  for 𝑅j-reduction  

are  listed below.  Most  of  them  are  based on joining AgNWs and  removing insulating  

surfactant. The  choice depends on the processing conditions.  Heat  sensitive  substrates  

for instance,  often forbid  thermal treatments.

I) Thermal treatment [100]  II)  Mechanical  pressing [101]
III) Plasma treatment [38]  IV) Chemical treatment [102]
V) Electrical treatment, Joule  heating  [103]

b) 𝑅w ir 𝑒-dominated network - low 𝑅j

𝑅w
:

When 𝑅j is minimized, then the network-resistance  is dominated  by 𝑅w. Networks  

dominated  by 𝑅w are  considered ideal.  Partial  resistance  contributions  from  defects  and  

grain  boundaries, D and  L as well  as D- and  L-distributions, are  included  in 𝑅w. These  

explain  a resistance  increase  in AgNWs in comparison  to bulk Ag, as discussed  with the 

C-factor  before  (equation 2.6).
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2.4.2.4  Critical exponent (t)

If  t=1,  then 1
𝑅s

plotted against 𝜑s is linear  (equation 2.4).  But  this can  only  be the case  in 

periodic  meshes. AgNW-networks  are  not  periodic  and  depend  on a random  distribution  

of  AgNWs.[104, 93] Random  networks  have dangling and  isolated  regions that are  not  

part of  the current-carrying  backbone.[105] In  random  networks, the critical  exponent is 

thus  increased (t  > 1).  Based on computational  models, the exponent t approaches a 

universal value  of  4/3 (≈ 1.3)  in 2D networks.[106, 94, 84]  The  current flows  in x-  and  

y-  direction,  while current-flow in z-direction  is negligible. A transition  from  2D to 3D 

causes an additional  dependence of  conductivity  on the thickness,  as conduction  paths  

in z-direction  are  available. In  3D networks, the critical  exponent is said  to approach 

2.[107] A periodic  mesh  is compared to 2D-,  and  3D-networks  in figure 2.11.

Figure  2.11: Critical  exponent: The t contains information  about the  network-dimensionality.  

In 2D, the  current flows in  x- and y- direction, while in  3D, paths  in  z-direction 

are available.

The  critical  exponent t is further affected by  the resistance  ratio.  Using Monte-Carlo  

simulations, Fata  et  al. [93]  observed  that t decreases with decreasing resistance  con-  

tribution  of 𝑅j . Decreasing 𝑅j thus  decreases the effective  dimensionality  of  the network.

2.4.3 Dependence  of  optical properties on  the  AgNW-density

In  transparent electrodes, high  conductivity  is combined  with high  transmittance,  which 

is  as well  dependent  on the AgNW-density.  Lagrange  et  al. [92]  proposed equation 4.5
to describe linearly  decreasing transmittance  with increasing AgNW-density.

𝑇 = 𝑇su𝑏str(1− 𝛽 𝜑s) [92]  (2.7)

T...  AgNW-TE transmittance 𝑇su𝑏str...  substrate  transmittance 𝛽...  fitting  factor

The  slope 𝛽 is further defined in equation 2.8 for  uncoated  AgNW-networks.[92]

𝛽 = 

4

𝜋 𝑑𝐴𝑔𝐷
(1− (1− r 𝑒𝑓  l𝐴𝑔 𝑁 𝑊 )𝑇𝐴𝑔 𝑁 𝑊 ) [92]  (2.8)

𝑑𝐴𝑔...  density  of  bulk  Ag  D...  AgNW-diameter
r 𝑒𝑓  l𝐴𝑔 𝑁 𝑊 ...  optical  reflection  of  one AgNW 𝑇𝐴𝑔 𝑁 𝑊 ...  transmittance  of  one AgNW
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2.5 Applications

AgNW-TEs can  find  several applications. Characteristics are  mostly  ruled by  the AgNW- 

density, as quantified  by  the AgNW  surface fraction  (𝜑s). The  targeted  properties are  

based on the desired  application  and  conditions  in the final  device. The  application  

determines the choice of  additional  materials  for building composites  and  decides over  

the expected properties.

2.5.1 Transparent  electrode  properties

Figure 2.12 gives  an overview  of  electro-optical  properties in dependence  on the AgNW- 

density. Relevant trends  of  the transmittance (T, total transmittance 𝑇tot𝑎l or normal  

transmittance 𝑇nor  m𝑎l), sheet  resistance  (𝑅s) as well  as the 𝐹 𝑂 𝑀𝐻 𝑎𝑎𝑐k 𝑒 and  the haze 

(H=𝑇𝑑i𝑓 𝑓 us𝑒

𝑇tot𝑎l
= 𝑇tot𝑎l−𝑇nor m𝑎l

𝑇tot𝑎l
) as a function  of 𝜑s are  sketched. It  shows  that a compromise 

between electrical and  optical properties requires  well  considered 𝜑s.

Figure  2.12: Influence  of the  AgNW  surface  fraction 𝜑s: The interplay  between electro- 

optical  characteristics  and 𝜑s is shown.  T and H scale linearly. 𝑅s shows indirect 

proportionality,  as  explained with equation 2.4. 𝐹 𝑂 𝑀𝐻 𝑎𝑎𝑐k 𝑒 shows a maximum at  

certain 𝜑s,  indicating  good TE-performance. This comparison demonstrates the  

complexity  of  a good understanding  of  the  AgNW-based TE properties  and the  

importance of  well  considered 𝜑s.  (modified  from  Sannicolo  et  al.  [9])

Optical transmittance  usually  decreases linearly  with increasing 𝜑s, due  to increas-  

ing  covered areas. The 𝑅s drops with 𝜑s, because more AgNWs offer more electrical 

pathways,  which increases electrical conductivity  and  decreases 𝑅s. Electrical proper-  

ties  are  based on the formation  of  a network  and  the indirect  proportional  behaviour  of
𝑅s(𝜑s) can  be modelled with percolation  modelling, as explained  before  (equation 2.4).  

The  interplay  between 𝑅s and  T is  commonly  rated by  the FOM by  Haacke.[37] When
𝐹 𝑂 𝑀𝐻 𝑎𝑎𝑐k 𝑒 is  plotted against 𝜑s, a bell-shaped  curve can  be obtained. Maximal  values
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indicate  a good trade-off in electro-optical  properties for a certain  material.  Haze repre-  

sents  the amount of  diffusely  scattered light, which is of  interest  in many  applications. 

It  is expected,  that haze increases linearly  with 𝜑s because  of  the increasing surface area 

that increases the chance of  light to be scattered.[92]  

The  targeted  TE-properties depend  on the final  application,  profound  considerations 

of  the final  application  are  thus  required  beforehand  to develop  optimal  TEs.  Common 

applications  are  linked  to certain  requirements  and  the optical properties are  often de- 

cisive.  High 𝑇tot𝑎l is detrimental  in applications, where  the vision  would  be restricted.  

For instance,  in displays,  touch-screens  or smart windows  one  aims  for high 𝑇tot𝑎l and  

also,  low haze to prevent blurriness. High  haze on the other hand, is of  interest  in pho-  

tovoltaics (PV)  or organic light emitting  diodes (OLED). Scattered light enhances  the 

optical path length of  photons, high  haze thus  increases the absorbance probability of  

photons. The  conversion  efficiency in PV was reported  to be greatly  improved  by  using  

hazy  electrodes.[108, 109]  Also, the power  efficiency in OLED  devices was reported  to be 

increased by AgNW-anodes as compared to ITO.[110] 

When it comes to economic  and  environmental  aspects,  one  always strives  for low 

brittleness,  low toxicity, high  stability and  low costs.  To discuss  the stability  of  AgNW- 

networks, some  theoretical  background  on silver  migration  is given.

2.5.2 Silver migration

The  long-term  stability is often decisive for the feasibility of  TEs  in the final  device. 

Electrical properties of  AgNW-networks can  degrade, due  to Ag migration.  Furthermore  

is the stability  of  sparse  AgNW-networks  particularly  sensitive  within  the percolating  

regime. The  tendency  of  silver  to migrate  is thoroughly  studied for environmental  and  

possible  health risk  reasons.[111]  But  silver  migration  is also of  interest  to understand  

the stability of  AgNW-networks.[112]  

Glover  et  al. [111]  proposed a mechanism for the formation  of  new particles in vicinity 

to parent silver  nanostructures, they  suggest  a pathway  in three stages:

I) surface oxidation  and  particle  degradation  

II)  surface confined mass  transport  within  an adsorbed  water layer  

III)  nanoparticle  nucleation  with help of  a mild reductant  

Ion release of 𝐴𝑔+ in the first stage  is widely  studied to understand  the environmental  

fate  and  biological impact of  silver  nanoparticles.[111, 113]  The 𝐴𝑔+-formation  is rate- 

dependent on the size of  the nanostructure [113]  and  the acidity of  the environment.[114]  

Any conditions  that enhance  the formation,  transport,  reduction  of 𝐴𝑔+ are  potentially  

destabilizing for AgNW-networks. AgNW-networks are  in particular  sensitive  towards  

high  temperature[92], acidic environment [115, 116],  light exposure [112], humidity [116],
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corrosive  atmosphere  [112]  and  if  integrated  in composites,  non-sufficient coverage  can  

enhance  corrosion  of  bare AgNW-sites.  Furthermore, hygroscopic  and  acidic proper-  

ties  of  PEDOT:PSS are  discussed  to cause  poor stability, when integrated  in AgNW  

composites.[112, 9, 115, 116, 117]  

Within this work,  the stability  of  TEs  at elevated temperature  and  atmospheric  con-  

ditions  are  of  interest, as the application  of  TEs  as transparent flexible  heater is targeted.

2.5.3 Flexible  transparent  heater

Transparent  heaters  (TH)  are  TEs  that are  supposed to generate  heat.  Resistive  heating  

is induced by  a current that flows  through  the electrode  layer.  Heat  is usually  regu-  

lated  by  the applied voltage. The  relevance of  transparent heaters  takes  roots in the 

1950s, when 𝑆 n𝑂2 was applied on cockpit  windows  for defrosting purposes.[43] The  ad-  

ditional transparency allows  that the field of  vision  is not  restricted.  The  heating  can  

thus  find  application  to remove ice and  frost  from  exterior  facing windows  that are  ex-  

posed to temperature  variations  in vehicles,  buildings or sensors.  But  it can  also be 

used in sophisticated applications, as a medium to induce thermochromic transitions,  

for instance.[118, 119]  Flexibility  gives  rise  to more possibilities.  The  market  for flexible  

THs  is thus  growing  fast. 

In  2012, Celle  et  al. [40]  were  among  the first to report  the implementation  of  AgNW- 

networks  as TEs  for heating.  The  same  group  a few  years  later  also reported  efficient THs  

that are  based on conductive  polymers  only.[120] Since  then,  several other reviews  and  pa-  

pers  have been  published, showing  the value  of  AgNWs for TH applications.[42, 9, 41, 121]  

The  concept  of  resistive  heating  is based on Joule’s  law,  experimentally  shown  in 19th 

century. An electrical current that flows  through  a material  with a certain  electrical 

resistance  releases heat,  equation 2.9 describes  this effect.  In  addition  to equation 2.9,  

heat can  also be defined through  equation 2.10 with  the specific  heat.

𝐻 = 𝐼2 *𝑅 * t (2.9)

H = heat I  = current R = resistance  t = time

𝐻 = 𝐶 *m *Δ𝑇 (2.10)

U = voltage m = sample mass  C = specific  heat capacity  T = temperature

Equations 2.9 and 2.10 can be set equal.  Taking Ohm’s  law (𝑈 = 𝑅 * 𝐼 → 𝐼 = 𝑈
𝑅 ) into 

account, the current factor  can  be substituted.  Rearrangements  lead to equation  2.9,
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which shows  a squared  relationship between the temperature  change and  the voltage, 

the heating  is further indirectly  proportional  to the material’s  specific  heat capacity.

ΔT =
t

C *m *RU2 (2.11)  

An optimal  combination  of  sample resistance  and  applied voltage  determine  the tem-  

perature  increase, but  research  effort  is devoted to efficiency and  heating  from  low volt- 

ages. The  particular  operation  voltages depend  on the application.  Example given,  3,6 V 

of  common batteries  up to 12 V from  car  batteries  are  convenient threshold voltages for 

TH development.  Further,  the specific  heat capacity  affects  the energy  that is required  to 

raise  the temperature for a specific  sample mass. The  heat capacity  and  mass  quantities  

of  the materials  that are  combined  in the composite-TE significantly  affect  the heating  

properties. 

Important properties of  flexible  transparent film  heaters, that require  to be considered 

are  in summary  the following.[42]

a)  Steady state  temperature

At an applied voltage, temperature rises  rapidly. Temperature  saturates at a steady-state  

temperature  (𝑇st𝑒𝑎𝑑y), because  of  a balance with heat loss.

b) Thermal response time

In  an energy-efficient TH,  a voltage  causes maximal  temperature  increase  in minimal  

time. The  time  until  90 % of 𝑇st𝑒𝑎𝑑y is  achieved, is  called the response  time.[9]

c)  Cycling  stability

The  stability  of  an TH can  be tested  by  thermal cycling, where  the reproducibility  of  

heating  is  investigated  by  switching voltage  ON/OFF.

d) Homogeneity

The  homogeneity  of  the TH is  important  to guarantee uniform  temperature  over  broad 

surface areas  without  hot-spots.  AgNW-agglomerations  or -clusters  can  disturb the 

current-carrying  backbone  and  can  cause  hot-spots.  Hot-spots are  areas  that carry  high  

currents  which may  break  the network  in long-term  usage.[42] The  homogeneity  of  heat-  

ing  and  the current-distribution  in AgNW-based THs  is in literature  reported  to be 

significantly  improved  by  TCO-embedding.[122]
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3  Materials and  methods

3.1 Deposition  of materials

3.1.1 Substrate  preparation

ZnONP-layers  were  first deposited  on Si-substrates  to improve the contrast in SEM. 

For cleaning, the Si-substrates  were  ultrasonicated  in Aceton,  Isopropanol and  deionized 

water  for 15 min  each. Polycarbonate  (PC),  with a thickness  of  250 𝜇m, was used 

as substrate  for the developed  transparent electrodes. The  PC-foil  was protected by  

two liners, which were  peeled  off before  usage. No further cleaning was required.  The  

substrates  were  cut  in sample sizes  of  2.5 x  2.5 cm  and  5 x  5 cm.

3.1.2 Spray-coating

A sketch of  the spraying set-up is shown  in figure 3.1.  ZnONPs  and  AgNW  were  sprayed  

with a Sono-Tek  ExactaCoat  system,  equipped  with an ultrasonic Sono-Tek  Impact Noz- 

zle  operating at 120 kHz frequency in horizontal  geometry. Pressurized  air  was used as 

shaping air  to guide the stream towards  the substrate, which was placed  on a steel plate  

that resides on a hot  plate.  The  dispersion was fed from  a single  supply. The  flow rate  

was controlled through  steady  syringe  movement.

Figure  3.1: Spray coating  set-up: Dispersion  is fed  from  a single  supply  syringe  to  the  ultra-  

sonic nozzle in  horizontal  geometry.  Pressurized air is directing  the  stream towards 

three  alligned  samples, where the  coating is deposited within the  defined  area.
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Due  to the fact that the substrates  are  lightweight and  flexible, it was necessary  to fix  

them  with glass  plates  to prevent them  from  being  blown  away. The  nozzle  was following  

an arc  spraying pattern, as sketched in figure 3.2 a). The  area is set with y-  and  x-  values, 

which define  a rectangular  spraying area. The  speed and  the spacing  need  to be set.  The  

spraying area and  position in the spraying chamber  were  adjusted empirically  by  spraying 

water on the steel plate  first, and  marking the desired  sample positions  in the middle  of  

the wet  area. Fine  adjustments to find  the optimum positioning were  undertaken  on the 

basis of  obtained sheet  resistance  gradients  and  SEM  observations. Three  2.5 x  2.5 cm  

samples or two 5 x  5 cm  samples (dashed lines)  were  positioned on the hot  plate  in the 

spraying chamber,  as indicated in figure 3.2 b).

(a) spraying  pattern  within sprayed area (b) steel  plate with marked sample positions

Figure  3.2: Spray coating  nozzle  movement: The nozzle draws an  arc pattern  with defined  

speed and area spacing.  Samples are placed  in  optimized positions.

3.1.2.1  Spray-coating  of  ZnONPs

The  ZnONP  suspension was prepared  by  diluting ZnO  nanoparticle  ink  (Sigma  Aldrich,  

793361,  10-15 nm particle  size, 2.5 wt.%)  1:10  by  volume with Isopropanol (2-Propanol 

99.9  % for HPLC,  Sigma Aldrich,  34863). The  dilution is stable  in the fridge  for sev-  

eral months and  was ultrasonicated  for 5 min  before  usage  to avoid  agglomerates.  The  

deposition  was carried  out  at 0.4 mL/min flow rate, 1-5  bar  shaping air  overpressure  

and  hot  plate  temperature  that varied between room temperature  (≈ 23 °C) and  100
°C  during  optimization.  3 bar  shaping air  pressure and  100 °C  substrate  temperature  

lead to satisfying films. The  nozzle  operated  at a power  of  1.7 W and  a frequency of  

120 kHz. The  scan speed was 20 mm/sec  drawing  and  the nozzle  movement was an arc  

pattern  with 25 mm  area spacing  from  a nozzle  to substrate  distance of ≈ 14 cm.  A 

complete  run of  30 scans lasts ≈ 6 minutes  and  consumed ≈ 2.4 mL  stock  dispersion.  

A total of  10-60 scans were  tested  in intervals of  10 scans during  thickness  optimization.  

30 scans resulted in sufficient coverage. After spraying,  a rest  time  of  5 min  at 100 °C  

was employed  to guarantee full solvent evaporation.  The  ZnONP  layer  deposited  in this 

manner  was then investigated  as base- and  top-layer  for AgNW  embedding.
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3.1.2.2  Spray-coating  of  AgNWs

Silver  nanowires  (60  nm D, 10 μm L, 0.5 wt.  %, Sigma Aldrich,  739421)  were  gently  

shaken  by  hand  before  adding certain  amounts  to Isopropanol (2-  Propanol 99.9  % for 

HPLC,  Sigma aldrich, 34863)  to obtain  the dilutions. Dilutions ranging from  1:5 to 1:40  

by  volume were  prepared  during  optimization.  The  1:10  dilution with a solution  trans-  

mittance ≈ 0.3 (as described  later)  was chosen for further investigations. The  suspension 

is diluted to avoid  agglomerations  of  AgNW  during  spraying.  But  the dilution should 

not  be too high  in order to obtain  fast depositions. The  used AgNWs were  provided as 

suspensions with certain  solid  contents  in IPA.  High  purity  IPA was used for dilutions. 

Low puritiy  IPA was not  used, because  AgNWs are  expected to corrode  in the presence 

of  water and  impurities.[123, 124]  

Although, the nominal  solid  content of  the different  AgNW  bottles was the same, sig-  

nificant deviations  from  one  bottle  to another occurred  in some  cases. To increase  the 

reproducibility, transmittance measurements  of  the diluted suspensions were  introduced  

as quality  control measure.  Samples were  also prepared  with AgNWs from  ACS  (7440-  

22-4, 60 nm D, 20-30 μm L, 20 mg/mL)  due  to their  larger length. The  dilution with 

Isopropanol was varied between 1:50  and  1:200 by  volume,  where  1:100 with a solution  

normal  transmittance of b0.3  was chosen as optimal  for further processing. 

To investigate  the influence of  D and  L on the optical and  electrical properties, samples 

with thicker  (D=90nm) and  thinner (D=40nm) AgNWs were  investigated.  Dispersions  

from  ACS  AgNWs were  diluted 1:100 by  volume for D= 40 nm AgNW  (7440-22-4, 40 

nm D, 20-30 μm L, 20 mg/mL). AgNWs with D= 90 nm were  less diluted,  namely  1:50  

by  volume (7440-22-4, 90 nm diameter,  20 mg/mL). IPA (2-  Propanol 99.9  % for HPLC,  

Sigma aldrich, 34863)  was used as solvent for dilution. For explanation,  to obtain  similar  

numbers  of  AgNW  per  volume,  the dilution per  volume needed to be adjusted from  1:100 

to 1:50  for D= 90 nm AgNWs. The  weight concentration  is the same  for all D, but  the 

molar concentration  varies.

(a) Rings (b) Sedimentation

Figure  3.3: AgNW  dispersion  stability: Observations  from  a)  shaking  over  night and b) 

storage in  the  fridge  for one month without  intermediate shaking.
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Prepared  dilutions were  placed  on a benchtop  shaker  for 2-3  hours to avoid  aggregation  

and  guarantee a homogeneous dispersion.  Shaking  overnight caused rings  of  AgNWs at 

the liquid level  (figure 3.3 a))  and  was therefore  avoided. Ultrasonication  can  break  the 

nanowires  and  thus  shift the length distribution  towards  lower  lengths, as also observed  in 

the literature.[125] Ultrasonication  of  AgNW  suspensions was therefore  excluded.  Disper-  

sions were  prepared  freshly  or sprayed  within  a few  days.  The  suspensions were  stored 

in the fridge  and  gently  shaken  before  usage. Sedimentation  was otherwise  observed.  

Suspensions stored for one  month  in the fridge  are  shown  in 3.3 b). These  were  hard to 

redisperse by  shaking and  were  thus  discarded.  

The  spray  coating was carried  out  with 9 bar  shaping air  overpressure  and  1.7 W nozzle  

power  at 100 °C  substrate  temperature. Flow rates of  0.4 mL/min and  0.8 mL/min were  

compared.  0.8 mL/min resulted in more stacked  AgNWs and  was therefore  not  continued. 

A spraying speed  of  10 mm/s  and  a narrow area spacing  of  1 mm  at a flow rate  of  0.4 

mL/min resulted in homogeneous layers  of  AgNW  networks, confirmed  by  SEM. One  

scan of  AgNW  deposition in this manner  lasts ≈ 6 min  40 sec and  requires ≈ 2.6 mL  

stock  dispersion.  Variations  in stock  dilutions (1:5  to 1:40  with MKCL3904)  and  in scan 

number  from  2-6  scans gave rise  to varying AgNW  density. The  number  of  scans were  

kept  minimal, as to avoid  3D stacking of  AgNWs.

3.1.3 Spin-coating

Spin coating was used at the current stage  of  development  for the deposition of  PE-  

DOT:PSS. Spin coating is a convenient pre-upscaling method. Upscaling could  be real-  

ized by  means of  spray  coating or doctor blading  from  similar  stock  suspensions.

3.1.3.1  Spin-coating  of  PEDOT:PSS

Heraeus  Clevios PH1000 with a content of  1.3 wt.  % PEDOT:PSS (0.5  % PEDOT, 0.8 

% PSS) in aqueous dispersion  was used. It  was brought to room temperature  and  filtered 

through  a 0.45 𝜇m syringe  filter  before  usage. Spin coating of  the concentrated  dispersion  

did  not  result  in homogeneous films  due  to too high  viscosity. Thus, the dispersion  was 

further diluted,  namely  1:1 with ultrapure  water (Merck  Millipore  Milli-Q,  >18 MΩ) by  

volume to decrease  the viscosity. Homogenization  of  the dispersion  was done  by  magnetic  

stirring  for ≈ 5 min  at room temperature. The  thus  obtained dispersion  with pH ≈ 2.7 

was stored in the fridge, where  it remained  stable  for several weeks.  

To study  the influence of  addition  of  a low boiling point solvent, 5 vol.%  of  Dimethylsul-  

foxide  (DMSO,  Sigma Aldrich,  D8418)  was added to the described  PEDOT:PSS disper-  

sion, to investigate  enhanced conductivity  as described  in literature.[69, 67, 126]  Another 

series  of  samples was prepared  to investigate  the influence of  pH on the stability  and  con-  

ductivity  of  AgNWs. Dispersions  were  neutralized  to pH 6.9 by  cautiously  adding 0.5 M  

NaOH.  But  for most  samples, acidic PEDOT:PSS without  DMSO was used.
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Spin coating was done  by  distributing  900 𝜇L of  PEDOT:PSS dispersion  with a pipette 

on the sample. Spinning was performed for 30 seconds  with 4000  rpm. Velocities of  2000  

rpm and  3000  rpm were  tested,  but  4000  rpm lead to most  homogeneous films. After 

spinning, a curing step  at 100 °C  for 30 minutes  on a hot  plate  was conducted.

3.1.3.2  Spin-coating  of  PVP

It  was seen  that the wettability  of  aqueous PEDOT:PSS dispersion on PC/AgNW  was 

satisfactory. But  PEDOT:PSS did  not  wet  the bare PC, forming islands  instead of  con-  

tinuous  films. To deposit  single  PEDOT:PSS on PC, Poly(vinylpyrrolidone)  (PVP)  was 

therefore  used as wetting  agent on PC. 1 mg/mL  PVP  (Sigma  Aldrich,  average  10.000  

g/mol,  9003-39-8) was dissolved  in ultrapure  water  (Merck  Millipore  Milli-Q,  >18 MΩ), 

ultrasonicated  for 10 minutes  and  deposited  as wetting  layer  prior to PEDOT:PSS de- 

position.  500 μL were  applied and  spun  at 4000  rpm for 30 seconds, followed  by  a curing 

step  at 100°C for 10 min.

3.1.4 Final recipes

Described  optimization  resulted in the following  recipes  for sprayed  AgNW  (ACS,  7440- 

24-4, D 60 nm,  L20-30μm,  20 mg/mL)  and  sprayed  ZnONP  (Sigma  Aldrich,  793361,  

D 10-15 nm,  2.5 wt.%). Both  were  suspended in IPA (2-Propanol for HPLC,  Sigma 

Aldrich,  34863,  99.9  %). Spraying was carried  out  at a power  of  1.7 W and  with 120 kHz 

frequency to gain  a fine  spray  of  IPA with the suspended nanostructures. A flow rate  

of  0.4 mL/min and  a substrate  temperature  of  100 °C  were  used. The  distance  between 

nozzle  and  substrate  was ≈ 14 cm.  After spraying,  a dwell  time  of  5 minutes  at 100 °C  

was employed  to assure  full evaporation  of  IPA.  

Other spraying parameters  are  shown  in 3.1.  The  parameters  for spin-coating  of  PE-  

DOT:PSS are  shown  in table 3.2.  

With these  building blocks,  the two TEs  PC/ZnONP/AgNW/ZnONP  and  PC/AgN-  

W/PEDOT:PSS were  built,  which were  compared to a reference PC/AgNW.

Table  3.1: Final  recipes  spray coating: Parameters for deposition of  AgNWs and ZnONPs

dilution  scans volume  time  shaping  air speed spacing
p𝑒r v ol  . num𝑏𝑒r m𝐿/s𝑐𝑎n s𝑒𝑐/s𝑐𝑎n 𝑏𝑎r mm/s𝑒𝑐 mm

ZnONP 1:10  IPA 30 ≈ 0.08 ≈ 13  3 20  25  

AgNW  1:100 IPA 3 ≈ 2.6 ≈ 400 9 10  1
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Table  3.2: Final  recipes  spin-coating: Parameters for deposition of  PEDOT:PSS  and PVP

dilution  speed spinning  time  temperature  annealing
v ol  . r pm s𝑒𝑐. ∘𝐶 min.

PEDOT:PSS  1:1 DI water  4000  30  100 30  

PVP  1 mg/mL DI water  4000  30  100 10

3.2 Characterization

3.2.1 Sheet resistance

The  sheet  resistance  (𝑅s) was measured  with a 4-point-probe (Nagy SD-600)  at five spots  

per  sample, as shown  in figure 3.4.  The  average  and  standard  deviation  were  calculated.

(a) Four probe sheet resistance  measurement (b) Five spot  measurement routine

Figure  3.4: Sheet resistance  measurement: a)  4-point-probes induce a current while voltage  

is measured.  Five spots were  measured per  sample, as  sketched  in  b).  (modified  

from  [127])

3.2.2 UV/Vis Transmittance

The  transmittance of  thin films  and  AgNW  suspensions was systematically  measured.  

The  sample holder  for solution  transmittance measurements  was custom-made. Optical 

transmittance in ultraviolet (UV), visible  (Vis)  and  infrared (IR)  region  was conducted 

on a Bruker  Vertex  70 Fourier transform  spectrometer.  For 330-550 nm a GaP-detector  

was used and  a Si-detector for the 550-1150  nm range. Two different  detector geome- 

tries were  employed.  For measuring normal  transmittance,  the detector was aligned with 

the incident  beam.  Measurement of  total transmittance,  including  specular  and  diffuse  

transmittance,  was carried  out  with a teflon-coated  integration  sphere  from  Bruker  and  

a detector in orthogonal  position to the sample.
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The  set-ups are  sketched in figure 3.5.  From  transmittance measurement in these  two 

set-ups,  haze values were  calculated  according to equation 3.1.

ℎ𝑎z 𝑒 =
𝑇𝑑i𝑓 𝑓 us𝑒

𝑇tot𝑎l
=

𝑇tot𝑎l − 𝑇nor  m𝑎l

𝑇tot𝑎l
(3.1)

𝑇tot𝑎l = total transmittance (integration  sphere  in orthogonal  position)
𝑇nor  m𝑎l = normal  transmittance (detector and  beam  in line)

(a) alligned  detector  position for 𝑇nor  m𝑎l (b) orthogonal  detector  position for 𝑇tot𝑎l

Figure  3.5: Transmittance  measurement: Normal transmittance  is excluding diffusively 

scattered  light while total  transmittance  includes scattered  light with help  of  an  

integration sphere.

For further data treatment and  calculating  haze with equation 3.1,  transmittance val-  

ues at 550 nm were  used as representative  values for visible  light range  and  as commonly  

used in the literature.[128, 92]

3.2.3 Profilometry

Height profiles were  measured  on a KLA Tencor surface-profiler (Alpha-Step IQ) over  a 

distance of  500 μm with a speed of  20 μm/s.  The  roughness  was determined. Rq  values 

were  noted,  which correspond  to the root mean square  values of  height differences.

3.2.4 Scanning  electron  microscopy

Scanning electron microscopy  (SEM) was performed on a Zeiss  SUPRA-40  using  5 kV 

acceleration voltage  and  an in-lens positioned secondary  electron detector.

3.2.5 Energy dispersive  X-Ray spectroscopy

The  SEM  is also equipped  with an Energy  Dispersive X-Ray  Detector (EDX,  Octane  Elite  

EDS  System  and  EDAX APEX software)  for measuring elemental  compositions of  spots, 

lines  or for mapping.  It  was operated at 8.5 mm  working distance and  an acceleration 

voltage  of  5-20  kV.  A secondary  electron detector was used for imaging  purposes.
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3.2.6 ImageJ

SEM  images  were  further analyzed with ImageJ  software. Basic  settings  were  adjusted 

and  information  such as layer  thicknesses,  AgNW  dimensions and  AgNW  surface coverage  

were  extracted  from  the images.

3.2.6.1  AgNW  surface fractions

The  AgNW  density  was quantified  using  the AgNW  surface fraction  (𝜑s). The 𝜑s refers  

to the percentage  of  the surface covered by  the AgNWs. The 𝜑s was calculated  with 

help of  ImageJ.  The  method of  determining 𝜑s is inspired  by  experimental  reports  by  

Lagrange  et  al.[92] The  parameter was extracted  from  4-5  SEM  images  taken  at different  

locations  on the samples. Firstly,  threshold values for the contrast were  set in ImageJ  

and  then the percentage  of  image pixels  above this threshold was extracted,  representing  

the 𝜑s. Screenshots  from  ImageJ  from  determination  of  AgNW  surface fractions  (𝜑s) 

are  shown  in figure 3.6.  The  red areas  are  the identified  AgNW  areas. Also shown  are  

un-processed SEM  images  for comparison  below.  The  determination  of 𝜑s for ZnONP  

embedded AgNWs in comparison  to PEDOT:PSS coated  AgNWs is challenging due  to 

smaller contrast differences  and  regions of  high-density  ZnONPs. This  increases the 

standard  deviation  in 𝜑s for the PC/ZnONP/AgNW/ZnONP  samples.

3.2.6.2  AgNW  length-  and diameter-distributions

Length- and  diameter-distributions  were  determined for used AgNWs (referred  to as 

sigma60, ACS40,  ACS60  and  ACS90). Low density  AgNW  coatings were  sprayed  on 

PC  in the manner  described  above.  Low AgNW  density was required  to easily  identify  

single  wires.  Coating  with PEDOT:PSS reduced  charging  effects  and  therefore  produced  

better contrast in the SEM  images,  as shown  in figure 3.7. Pictures were  taken  from  at 

least three different  spots to measure diameters  and  lengths with help of  ImageJ.  15-40 

random  measurements  of  AgNW  lengths and  diameters  per  sample were  used to build 

averages and  standard  deviations. Obtained distributions  were  compared to manufac- 

turer’s  material  specifications.

3.2.7 Percolation modelling

Electrical properties originate  from  the percolating  behaviour  of  AgNW  networks. Per-  

colation  models were  used to extract  theoretical  values from  experimental  data.[84, 92,
94, 93] As input parameters  for these  models, the extracted  AgNW  surface fractions  (𝜑s) 

were  of  critical  importance.  Data sets  for several samples of  different 𝜑s were  fitted  to
𝑅s(𝜑s) and  also, 𝑇tot𝑎l(𝜑s). The  fitting of  experimental  data was done  in OriginPro 2016  

with user defined fits.
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(a) PC/ZnONP/AgNW/ZnONP (b) PC/AgNW/PEDOT:PSS

Figure  3.6: ImageJ: Screenshots  from  ImageJ  show 𝜑s areas  in  red. It can  be seen,  that  this  

calculation  is accurate for b) AgNW  covered with PEDOT:PSS  due  to  good contrast 

in  SEM. The 𝜑s from  a)  AgNW  embedded in  ZnONP have an  error.

(a) AgNW  length  distribution (b) AgNW  diameter distribution

Figure  3.7: AgNW  L- and D-distributions: Examplary SEM  pictures for AgNW  ACS40 

a)  length  and b) diameter distribution on  low AgNW  density  sample covered with 

PEDOT:PSS.  Random size  measurements  done in  ImageJ  are highlighted.
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3.2.8 Stability study

To investigate  the stability  of  AgNWs in different  embeddings against  oxidation  in am-  

bient, inert  and  elevated temperature  (70 °C) conditions.  Inert  conditions  were  in 𝑁2

atmosphere  in a glove-box  (pressure 3 mbar, water 0.6 ppm  and  oxygen 2.6 ppm). Sheet  

resistance  values were  measured  every  2-3  days for the duration  of  one  month. Two sam-  

ples of  each kind were  investigated,  one  with high  AgNW  surface fraction  by  spraying 

3 scans and  one  with low AgNW  content by  spraying 2 scans from  60 nm x  20-30 μm 

AgNW  from  ACS  (7440-22-4).  SEM  images  were  taken  weekly.

3.2.9 Transparent  flexible heater

For the resistive  heating  experiments, the set-up is sketched in figure 3.8.  Contacts  were  

applied by  brushing  stripes  of  Ag paste on two sides.  After drying over  night, Cu  tape 

was folded tightly  around  the Ag paste stripes.  Wires  were  soldered on the Cu  tape. 

Clamps  were  attached to the wires  and  connected to the terminals of  the power  supply  

(Keithley  Sourcemeter Model  2400)  as sketched in figure 3.8.  The  measurements  were  

conducted free-standing, meaning that the heaters  were  not  in contact  with any  surfaces. 

Voltages between 1-3.5 V were  applied, until  the measured  surface temperature  was sta- 

ble  (steady-state  temperature).  Resulting  current was noted  to calculate  the resistance.  

Repeated power  ON/OFF  cycles at certain  voltages were  executed to investigate  the re- 

producibility  of  reached temperatures.  The  thermal emissivity  value  of  the sample (PC 

foil)  was taken  0.8.  Surface temperature  was monitored as a function  of  time  with an IR  

Thermometer (Peaktech 4960)  from  a distance of ≈ 20 cm  via USB connection.  The  IR  

beam  was directed on the PC  foil side. The  software  ENV tool was used for data logging.

Figure  3.8: Flexible  transparent heater: The set-up for resistive  heating  is shown.  Volt-  

age was  applied  via depicted contacts while surface temperature  was  measured.  a)  

Sketched  resistive  heating  set-up b) Photos of  samples and the  heating  set-up
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4  Results  and  discussion

Following  representation  of  results  focuses on the optimization  of  thin film  deposition 

from  ultrasonic spray-coating.  Developed  TEs  are  presented, followed  by  a discussion of  

electro-optical  properties and  observed  effects  in the percolating  behaviour. Experimen-  

tal  data is fitted  with percolation  models to extract  theoretical  values. Stability  aspects 

and  application  as transparent heaters  are  shown.

4.1 Deposition  of materials

The  TEs  are  built from  three building blocks,  spray-coated  AgNWs and  ZnONPs  as well  

as spin-coated  PEDOT:PSS. The  AgNW-dimensions,  as provided by  suppliers, were  in-  

vestigated.  Deposition parameters  were  studied  and  optimized.

4.1.1 Choice  of  silver nanowires

Figure 4.1 shows  representative  SEM  images  of  investigated  AgNWs. In  table 4.1,  av-  

eraged L- and  D-values of  these  AgNWs are  listed. The  values were  determined from  

SEM  images  of  low AgNW-density.  A number  of  15-25 AgNWs were  measured,  averages 

and  standard  deviations  were  calculated.  The  AgNW  diameter  (D)  and  length (L) are  

put  into relation  in the aspect  ratio (AR = L/D). The  ARs  in table 4.1 were  determined 

from  averaged L- and  D-values. The  errors equal the standard  deviation.  

The  distributions  are  important,  as they  can  be critical  for the minimal  number  of  

required  AgNWs for a conductive  network.The  AgNWs show certain  standard  deviations  

from  the average  length. It  is thus  important to exceed 𝜑𝑐 accordingly, to assure  percola-  

tion.  It  can  be seen,  that diameter  distributions  are  broader than length distributions.  It  

is further apparent, that ACS90  fell  below expectations, they  were  thus  not  investigated  

in more detail.  

High  ARs  are  desired  for transparency and  conductivity.  Long wires  with short diam- 

eters  can  provide  longer  percolation  paths, leading to decreasing critical  AgNW  surface 

fractions  with increasing AR.[129] But  high-AR  AgNWs are  more difficult  to spray. High  

AR values can  cause  the AgNW-length to exceed the droplet size, which can  result  in 

curved  AgNWs.[128]
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(a) Sigma60 (b) ACS60

(c) ACS40 (d) ACS90

Figure  4.1: AgNW  dimensions: Representative SEM  images  of  AgNWs, as  indicated in  a)-d).

Table  4.1: AgNW  dimensions: Lengths,  diameters and resulting  aspect  ratios of  used AgNWs.
expected average  error AR = L/D  measured  AgNWs

Sigma60 D 60 nm 58.3  nm ± 15.2  158 21 

L 10 μm 9.2 μm ± 2.8 33

ACS60 D 60 nm 73.9  nm ± 12.7  356 15 

L 20-30 μm 26.3 μm ± 6.7 25

ACS40 D 40 nm 44.2  nm ± 11.0  545 16 

L 20-30 μm 24.1 μm ± 5.8 23

ACS90 D 90 nm 74.4  nm ± 14.0  208 24 

L - 15.5 μm ± 5.2 42
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Curved  instead of  elongated AgNWs compromise the formation  of  an efficient network  

and  are  therefore  not  desired.  This  curving effect  can  be more severe  for thinner wires,  

due  to their  softer character. A slight curving effect  can  be seen  in figure 4.1 c)  for the 

thinnest  AgNWs (D≈ 40 nm). Thicker  wires  are  usually  stiffer  and  easier to deposit  ran-  

domly  and  without  mechanical  deformation.  Further,  thinner AgNWs are  expected to be 

more sensitive  towards  silver  migration,  due  to their  higher  surface to volume ratio.[114]  

Stability  issues could  be a limitation  for thinner AgNWs in the final  device. Also, when D 

approaches the mean free path of  electrons in bulk silver,  scattering  of  electrons increases 

the resistivity.[130]  

For these  reasons,  diameters  of  60 nm were  considered a good compromise of  high  AR 

and  good processibility, stability  and  conductivity.  Most  experiments  during  optimiza-  

tion  were  conducted with AgNWs from  Sigma with nominal  diameters  of  60 nm and  10
μm length. But  for final  studies  of  environmental  stability  and  the final  representative  

samples, AgNWs supplied  by  ACS  with nominal  diameters  of  60 nm and  higher  lengths 

of  20-30 μm were  investigated.  Khanarian  et  al. [84]  recommend  to use  AR > 250.  

The  final  AgNWs of  choice with AR ≈ 356 were  considered a suitable  choice of  AgNW- 

dimensions.  They  combine good expected stability  and  sufficient percolating  behaviour, 

while maintaining good processability  through  spray-coating.

4.1.2 Spray-coating parameter study

Several spraying parameters  contribute  to the properties of  spray-coated  thin films, in-  

volving  many  mechanisms  that occur  simultaneously. The  substrate  temperature is a 

critical  parameter that influences  droplet size, solvent evaporation  and  thus  affects  the 

properties of  the thin film.  Low temperature  processing requires  thoughtful parameter 

optimization.  

This  subsection  should serve as an overview  of  what  is expected,  when certain  vari-  

ables in spray-coating  are  changed.  Interesting  aspects of  single  parameters  are  stated.  

Discussed parameters  include the following:

1. Substrate  temperature  2. Solution  composition 3. Nozzle  Power  

4. Flow rate  5. Shaping  air  6. Sample  positioning 

7. Spraying pattern  8. Scan number

The  separate  discussion of  either spraying ZnONPs  or AgNWs follows  afterwards  in 

subsection  4.1.3.
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4.1.2.1  Substrate temperature

The  substrate  temperature  has an impact on the surface morphology  in spray-coating,  

especially  for sprayed  ZnONPs. Figure 4.2 shows  sprayed  ZnONPs  at room temperature  

and  at 85 °C  substrate  temperature, which is close  to IPA’s  boiling point. 

At room temperature, ZnONPs  are  deposited  as rings.  A temperature  increase  leads 

to formation  of  several rings  within  each other,  instead of  single  rings.  The  outer  ring  

size stems  from  the initial  spread  of  the impinged droplet, before  solvent evaporation  sets  

in.  The  observed  rings  are  due  to the coffee ring  effect.[31, 21, 22]  Capillary  forces  drive 

suspended particles to diffuse  towards  the droplet edges.  This  process is affected by  the 

applied temperature, which speeds  up the droplet drying process.

(a) ZnONPs,  room  temperature (b) ZnONPs,  85 °C substrate  temperature

Figure  4.2: Coffee  ring effect: Coffee rings from  sprayed ZnONPs on  Si-substrate. 10  scans 

were  sprayed at  a)  room  temperature  and b) 85 °C.  The latter  lead  to  multiple 

rings within one initial  droplet  and a pattern  of  inner  coffee ring  deposits. The 

temperature  in  the  final  recipe was  further  increased to  100 °C.

The  residence time  of  droplets on the substrate  is longer  at room temperature. The  

slowly  shrinking droplet at room temperature carries  less dispersed  particles.  Most  are  

deposited  within  the initial  droplet. At elevated substrate  temperature, the droplet 

shrinkage  is faster and  fluid  dynamics  within  the droplet are  enhanced.  The  droplet 

shrinks in a stick-slip-mechanism  and  carries  particles,  which can  diffuse  to the shrinking 

droplet’s  contact lines  to build inner  coffee ring  deposits (ICRDs). 

Sprayed  AgNWs do not  show coffee rings.  The  effect  is avoided by  their  high  AR.  Elon- 

gated  nanostructures show suppressed diffusion.[21]  For sprayed  ZnONPs, the substrate  

temperature  was further increased to 100 °C, which improved  the ZnONP  distribution  

due  to the ICRDs instead of  single  rings.  But  other parameters  needed to be investigated  

to achieve good coverage  from  this particular  pattern  of  spray-coated  ZnONPs.
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4.1.2.2  Solution composition

The  nanostructures were  provided suspended and  highly  concentrated  in IPA,  but  pro- 

vided AgNWs settle  in the bottle  and  they  needed to be diluted for spraying purposes. 

The  diluted dispersions  need  to be optimized within  a specific range. The  maximum 

dilution is determined by  the requirements  to maximize  material  usage  and  decrease  the 

deposition  times.  The  minimum is determined by  the requirement  to prevent agglomer-  

ation.  The  dilutions were  developed  empirically.  

The  reproducibility  of  the targeted  AgNW  solid  contents  is important. Concentration  

variations, due  to sedimentation,  made  consistent dilution by  volume challenging. Trans-  

mittance  solution  measurements  were  introduced  to unveil  batch to batch differences  and  

to control batch to batch differences.  Graphs  in figure 4.3 show a) transmittance  measure-  

ments  of  AgNW-suspensions of  different  solid  contents, b)  shows  measured  transmittance  

values at 900 nm as a function  of  solid  contents.

(a) (b)

Figure  4.3: Quality-control  of AgNW solid  content: UV/Vis solution transmittance  

of  dispersions  were  measured for checking  the  desired concentration.  Shown are a)
𝑇nor  m𝑎l from  liquid  ACS AgNW  dispersions  at  different dilutions and b) values  at  

900 nm plotted against  solid contents.

Dispersions  with AgNW  solid  contents  of ≈ 0.02  wt.%  were  considered appropriate for 

spraying,  which show transmittances  around  0.3.  This  graph  served  as a benchmark to 

evaluate  the solid  content of  the prepared  dispersions. Solution  transmittances  can  be 

compared in a fast manner  and  are  therefore  an easy  quality-control tool. 

AgNW-suspensions were  less stable  than ZnONP-dispersions. Three  weeks  storage  

in the fridge  resulted in sedimentation  of  solid  AgNWs at the bottom of  the bottle,  as 

previously shown  in chapter 3 in figure 3.3.  Surfactants  like PVP, as commonly  used
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in AgNW-synthesis  [81], might have improved  the dilution stability. But  as AgNWs are  

already  coated  during  their  synthesis,  further surfactant additives  were  not  used. The  

insulating  polymer shell increases the junction  resistance  of  the AgNWs.[100]  It  would  

require  130 - 600 °C  to fully pyrolize PVP  from  AgNW-surfaces,  based on TGA-analysis  

from  the literature.[88] Pyrolization  of  PVP  after deposition,  was not  an option.  Low 

temperature  processing  was desired  for not  deforming the PC-substrate. AgNWs were  

thus  sprayed  freshly  diluted in IPA only, serving  as a convenient low cost, low boiling 

point, pH neutral,  non-toxic and  non-corrosive  solvent. This  lead to homogeneous dis-  

tribution  of  AgNWs without  agglomeration.  

ZnONP-dispersions  were  very  stable  and  only  required  ultrasonication  prior to spray-  

ing.  This  breaks apart possible  agglomerates.  Dilutions of  ZnONPs  in IPA without  any  

additives  could  be used after several weeks  of  storage.

4.1.2.3  Nozzle power

A minimal  nozzle  power  is required  to break  off droplets from  a standing wave that is 

induced by  ultrasonic vibration  at the nozzle-tip. An ultrasonic nozzle  operates  at a 

certain  resonant  frequency, in our  case  at 120 kHz. If  the power  is too low,  liquid stalls 

at the nozzle-tip and  a vibrating  bulb is formed. No droplets break  off. In  our  case  

with IPA as the solvent, 1.7 W were  sufficient to obtain  a homogeneous spray. Tiny  IPA 

droplets carry  the dispersed  nanostructures of  AgNWs or ZnONPs. 

The  droplet diameter  is not  significantly  dependent on the nozzle  power.  But  the 

droplet diameter  is a function  of  the nozzle  frequency. The  Lang formula  (equation 4.2)  

is a good approach for calculating  the expected  droplet diameters  obtained from  the 

ultrasonic nozzle.

𝑑 = 0.34(
8𝜋 𝜎

𝜌𝑓2
)1/3 [18]  (4.1)

d... droplet diameter
f... frequency = 120 kHz
𝜎... surface tension  (IPA)  = 0.023 N/m [131]
𝜌... solvent density  (IPA)  = 0.785 g/mL (25 °C)

𝑑𝐼 𝑃 𝐴 ≈ 0.34(  

8 * 𝜋 * 23[𝑔  ms−2m−1]

0.785 * 10−6[𝑔  m3] * 1200002[s−2]
)1/3 ≈ 12.6 * 10−6[m] (4.2)  

Taking surface tension  and  solvent density  of  99.5  % IPA (CAS 67-63-0)  and  a fre- 

quency  of  120 kHz into account, as released from  the ultrasonic nozzle, droplet diameters  

of ≈ 12.6 μm are  expected.
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4.1.2.4  Flow rate

The flow rate for AgNW-deposition was attempted to be increased to minimize deposition-  

time. SEM  images  from  depositions with 0.4 and  0.8 mL/min are  shown  in figure 4.4.  It  

was observed  that a flow rate  of  0.8 mL/min leads to more stacked  AgNWs. Regions of  

stacked  AgNWs are  encircled with dashed lines  in figure 4.4 b). Low flow rates are  re- 

ported to lead to more individual droplets, while higher  flow rates increase  the tendency  

of  droplets to merge.[5]  Excessive flow rate  can  cause  bigger  droplets, delayed  drying and  

increased probability of  agglomeration.  Stacked  AgNWs are  not  desired.  For spraying 

AgNWs, 0.4 mL/min is optimal  to obtain  randomly  distributed AgNWs without  agglom-  

erates.  For ZnONPs, the flow rate  was not  further investigated,  as 0.4 mL/min was 

proven  to be sufficient.

(a) 0.4 mL/min (b) 0.8 mL/min

Figure  4.4: Flow rate: The influence of  the  flow rate  a)  0.4 mL/min  and b) 0.8 mL/min  is 

shown.  Higher  flow rate  leads to  a higher tendency  for AgNW  to  stack,  as  indicated 

with dashed lines. These are not desired as  they  are possible hotspots in  the  device.
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4.1.2.5  Shaping  air

The  shaping air  pressure needs  to be high  enough to direct the stream towards  the sub-  

strate. It  can  also force nanostructures to adhere  to the substrate. In  spray-pyrolysis  low 

pressure is common to decrease  droplet velocity  and  increase  flight time. This  usually  as- 

sures  proper  crystal growth  on the heated substrate.[50])  In  cold  spray  (CS)  for instance,  

another conventional  spraying-technique,  high  kinetic  energy  from  high  pressure (up to 

40 bar) causes high  droplet velocities (up to 1200  m/s or more).  As a consequence,  mi-  

crostructures deform.[132] Spray-coating  of  nanostructures is situated  in between these  

two cases. USS uses a spray-pyrolysis  set-up but  deposits at higher  pressures to form  a 

wet  layer.  But  USS uses lower  pressure than CS  to avoid  deformation and  repulsion of  

impinging nanostructures. 

Figure 4.5 shows  the influence of  the shaping air  on the amount of  deposited  material  of  

ZnONPs  on Si.  A total number  of  10 scans was sprayed  at 100 °C  substrate  temperature  

with 1, 3 and  5 bar  shaping air  overpressure. Droplet velocity  is a function  of  the carrier  

gas pressure.[133] Higher  pressure causes higher  droplet velocities and  prevents  ZnONPs  

from  deflection  by  the air  stream of  the ventilation.  Authors [133]  state  that increased 

pressure does not  impact the droplet diameter.  A slight dependence could, however,  be 

observed.  A total number  of  20 droplets were  measured  from  SEM  images.  Measured  

diameters  are  shown  in table 4.2.  Standard deviations  are  high, but  there  seems  to be 

the tendency  that higher  shaping air  pressure causes droplet diameters  to decrease.

Table  4.2: Initial  coffee ring diameters: Measured  initial  ring-diameters  from  SEM  

images  at different  shaping air  pressures.

shaping air  pressure ring-diameters  in SEM

1 bar  68.2 ± 24.2 μm 

3 bar  49.3 ± 19.9 μm 

5 bar  35.5 ± 21.3 μm

The  calculated  droplet diameter  from  the ultrasonic nozzle  was calculated  to be ≈ 12.6
μm.  The  diameters  of  coffee rings  from  impinged droplets are  bigger.  This  can  be linked  

to the spreading of  IPA on PC  and  could  further be linked  to the shaping air  pressure. 

The  measured  ring-diameters  could  suggest  that lower  shaping air  increase  the flight time  

and  the probability of  droplets to merge. 

ZnONPs  were  sprayed  with 3 bar  to obtain  a gentle  stream while not  lose  too much 

material.  A film  of  layered ZnONPs  was built by adjusting the scan number.  For AgNWs, 

9 bar  was proven  sufficient, without  deformation of  the wires  or severe  material  loss  (figure
4.6). A shaping air  of  9 bar  is at the maximum for the set-up and  was not  further varied.
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(a) 5 bar (b) 5 bar

(c) 3 bar (d) 3 bar

(e) 1 bar (f) 1 bar

Figure  4.5: Shaping  air influence  on  ZnONPs: The shaping  air significantly  influences  the  

amount of  deposited material. Spraying  10  scans of  ZnONPs on  Si-substrates was  

performed with shaping  air pressures of  5,  3 and 1 bar.  Inner coffee ring  deposits 

are due  to  elevated substrate  temperature  (100 °C) and were  explained before.
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Figure  4.6: Shaping  air AgNW: AgNWs were  sprayed with 9 bar shaping  air without  defor- 

mation  or  significant  material  loss.  AgNWs here are coated with PEDOT:PSS.

4.1.2.6  Sample positioning and overspray

Non-centered positioning causes conductivity  variations  due  to AgNW-density  variations. 

As a matter of  precaution,  the samples were  placed  under  the exhaust  outlet to avoid  

sidewards  deflection  of  droplets and  deformation of  the spraying cone. The  positioning 

of  samples was optimized by  spraying water on a steel plate  and  marking centered po- 

sitions  within  wet  areas. The  overspray  from  actual depositions  is hardly  visible  due  

to the coating’s transparency. Spraying water made  it possible  to optimize  the sample 

positioning systemetically. 

A picture  of  sprayed  water for five seconds  on steel without  any  nozzle  movement is 

shown  in figure 4.7.  This  is a projection  of  the spraying cone. More  water appears 

centered in the middle. The  edge  region  of  the cone  inevitably  causes gradients  and  

overspray. Non-desired  gradients  in 𝑅s at sample edges were  reduced  by  increasing the 

spraying area. Taking more overspray  into account assures that the center of  the spraying 

cone  interacts  with the sample area. This  reduces  the standard  deviation  of 𝑅s. 

Overspray  is evident in small-scale  depositions and 𝑅s gradients  will  assumably  become  

less evident in industrial  scales,  due  to lower  spraying area to overspray  ratios.  A minor 

upscaling was realized  from  three samples 2.5 x  2.5 cm  to two samples 5 x  5 cm,  by  

increasing the spraying area. For that purpose, spraying areas  of b33 𝑐m2 and b75 𝑐m2

were  used. Fractions  of  these  spraying areas  are  directed on surroundings. Oversprays  

of b43  % for 2.5 x  2.5 cm  samples and b33  % for 5 x  5 cm  were  taken  into account to be 

able  to place the samples in central positions. For this minor upscaling, overspray  could  

thus  be reduced.
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Figure  4.7: Spraying  cone: Picture  of  the  projected spraying  cone.  Water  was  sprayed on  a 

steel  plate for 5 seconds on  one spot.  A centered  concentration  of  droplets is visible, 

supposedly  caused by  the  vent trajecting  a fraction  of  the  stream.

4.1.2.7  Spraying  pattern, spacing and speed

An arc  spraying pattern  was well  investigated  and  employed  for AgNW- and  ZnONP-  

depositions. For the spacing  between spraying lines  and  the spraying speed,  the demands  

for AgNW- and  ZnONP-depositions  were  different.  AgNWs were  deposited  with narrow 

spacing  and  low speed,  to build a network  from  minimal  scan numbers  to avoid  3D char- 

acter of  the deposits.  ZnONPs  were  sprayed  for embedding purposes. The  spraying speed  

and  spacing  were  increased to decrease  deposition  time  per  scan to build the layer  from  

higher  scan numbers.

4.1.2.8  Scan number

The  desired  film  density  is adjusted by  the scan number.  The  outcome  of  the developed  

recipe for a film  of  sprayed  ZnONPs  on Si-substrate  is shown  in figure 4.8 with morpholog-  

ical and  cross-sectional  SEM  images.  Local  inhomogeneities and  non-sufficient coverage  

from  coffee rings  are  compensated  by  higher  scan numbers. Random  rings  layered in 30 

scans lead to satisfying coverage  for our  purposes.
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(a) (b)

(c)

(d) cross  sections with thickness measurements

Figure  4.8: Final  ZnONP-layer  on  Si-substrate: Desired  surface coverage  could be accom-  

plished  by  using  30  scans.  This mostly  compensates inhomogeneities  from  coffee- 

rings. The SEM  image  at  1000  x  magnification  show that  ring  formations are ob- 

served while the  layer  appears  homogeneous over  broad  areas.  Cross  sections show 

that  thicknesses  vary as  a result of  overlapping  coffee rings. This causes high  surface 

roughness of  sprayed ZnONPs.
50



4.1.3 Spray-coating of  ZnONPs and  AgNWs

Spray  coating of  elongated AgNWs and  spherical  ZnONPs  is compared.  The  nanostruc-  

tures are  of  very  different  shape. Based on discussed  reasons,  deposition recommenda-  

tions  are  summarized  in table 4.3.

Table  4.3: Overview  spray coating  of nanostructures: xperienced  to  follow listed desires 

for obtaining homogenous coatings  of  sprayed nanoparticles  and nanowires.

temp.  dilution  flow rate shaping  air speed spacing  scans

NPs moderate moderate moderate moderate fast  wide high

NWs moderate high  low high  slow narrow low

Spray-coating  of  ZnONPs

Deposition of  the ZnONPs  is influenced  by  coffee rings.  The  pattern  at 100 °C  substrate  

temperature  is based on inner  coffee ring  deposits.  These  result  from  subsequent  stages 

of  pinned contact  lines.  Further temperature  increase  was limited by  the PC  substrate, 

which would  undergo deformation.  Adjusting shaping air  and  scan number  lead to suffi- 

cient surface coverage. Certain  surface roughness  is caused by  ZnONP  coffee rings  which 

affects  the optical properties, as discussed  later.

Spray-coating  of  AgNWs

Random  distribution  of  AgNWs is the premise for a conductive  network.  AgNWs are  

sensitive  towards  the flow rate. High  flow rate  leads to more stacked  AgNWs (figure
4.4). Reproducibility of  AgNW  density  is challenging. The  solid  content is required  to 

be reproducible from  batch to batch. AgNW  sedimentation  is fast and  affects  the repro- 

ducibility  of  solid  contents  from  dilution. A quality  control tool for AgNW  suspensions  

was introduced  by  solution  transmittance.  High  AR AgNWs are  suppressed in diffu-  

sion  within  sessile  droplets, the diffusion rate  for large particle  sizes  is small.[32] Coffee 

rings  are  thus  not  an issue. It  is although important,  that the droplet size in USS is 

larger than the AgNW  length. Otherwise, curved  AgNWs are  caused.[128]  The  substrate  

temperature  does  not  significantly  influence the film  morphology  of  AgNWs.
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4.1.4 Spin-coating  of  PEDOT:PSS

PEDOT:PSS was spin-coated  at the current state  of  investigations. As the Clevios 

PH1000 formulation  is viscous,  further aqueous dilution was required  for deposition.  

The  formulation  from  the supplier  was diluted 1:1 with DI  water.  The  change of  concen-  

tration  resulted in coating thickness  on AgNWs from  18 ± 3 nm (concentrated  disper-  

sion) to 10 ± 1 nm (50  vol. %). These  were  measured  from  SEM  images,  as shown  in 4.9.

(a) concentrated  PEDOT:PSS (b) 50  vol.%  PEDOT:PSS

Figure  4.9: Thickness PEDOT:PSS coating  on  AgNWs: Concentrated PEDOT:PSS  

causes thicker  coatings  than  50  vol%.  Observations  were  confirmed  from  SEM.

Samples prepared  with concentrated  PEDOT:PSS suffered from  homogeneity  and  non  

sufficient coverage. Islands were  visible  with bare eye.  Spinning speed  of  4000  rpm and  

50 vol. % diluted Clevios PH1000 resulted in the good results  from  optical and  SEM  

investigations  and  was maintained.
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4.2 Transparent electrode development

Two different  AgNW-based TEs  were  developed.  The  three building blocks  of  ZnONP, 

AgNWs and  PEDOT:PSS were  stacked  in PC/ZnONP/AgNW/ZnONP  and  PC/AgN-  

W/PEDOT:PSS. These  TEs  were  compared to uncoated  PC/AgNW.  Processing  tem-  

perature  never  exceeded 100 °C. The  top-layer  of  ZnONPs  and  PEDOT:PSS-coating  

on AgNWs were  optimized as well  as the AgNW-density.  Samples of  different  AgNW- 

densities  were  obtained for characterization  and  percolation  fitting.

4.2.1 AgNW-density optimization

The  AgNW-density  was varied by  varying the dilution (1:5  to 1:40)  and  the scan number  

(2 to 5) of  sprayed  AgNW-layers. This  way, samples from  a gradient in AgNW-density  

were  obtained. Samples of  PC/ZnONP/AgNW/ZnONP  of  different  AgNW-density  are  

shown  in figure 4.10.  The  gradient is apparent visually  as well  as from 𝑅s (italic  font)  

and  total transmittance (underlined)  values, as noted  in the figure.

Figure  4.10: Optical  appearance  of PC/ZnONP/AgNW/ZnONP: Samples of  different 

AgNW-density  were  obtained from  varying  AgNW-dilution and scan number.  The 

two dimensional  gradient in  AgNW-density is visible with the  naked eye and is also  

apparent in  averaged  total  transmittance  values  from  500-800 nm (underlined)  and 

sheet resistance  from  five spots (italic font),  as  indicated.
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Figure 4.11 shows  SEM  images  of  the same  samples as in figure 4.10.  It  shows  the 

different  densities  of  AgNW-networks. The  different  densities  of  randomly  distributed 

AgNWs are  causing a gradient in electrical as well  as optical characteristics as indicated 

with noted  values in figure 4.10.

Figure  4.11: SEM appearance  of PC/ZnONP/AgNW/ZnONP: Varied  AgNW  dilution  

and scan number  caused samples of  a two dimensional  gradient in  AgNW-density. 

The density  is corresponding  to  a balance  between 𝑅s and 𝑇tot𝑎l,  as  shown in  figure
4.10 before.

4.2.2 Top-layer optimization

For PC/ZnONP/AgNW/ZnONP, the top-layer  thickness  was varied between 20 and  60 

scans.  The  base  layer  of  ZnONPs  was held constant with 30 scans in the described  recipe.  

The  AgNW-network  was the same  for this set of  samples (1:20  dilution, 3 scans). A top-  

layer  of  20 scans ZnONPs  did  not  fully cover  the AgNWs and  showed  higher 𝑅s. From  

figure 4.12 and 4.13 it is apparent that exceeding 30 scans for the top  layer  of  ZnONPs  is 

required  to decrease 𝑅s and  avoid  large parts  of  uncovered AgNWs. The 𝑅s is constant 

and  standard  deviation  is decreased when good coverage  is obtained >30 scans ZnONPs.
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Figure  4.12: 𝑅s vs. ZnONP  top-layer scan number: The top-layer  of  ZnONPs is required  

to  minimize 𝑅s and fully  cover  and protect  AgNWs.This is obtained by  a minimum 

of  30  scans of  ZnONPs in  the  described recipe.

The  coverage  appears sufficient from  SEM  for ZnONP  top  layers  > 30 scans.  Figure
4.13 shows  that increasing the top  layer  scan number  gradually  increases the appar-  

ent coating thickness.  Base  and  top  layers  of  30 scans ZnONPs  in PC/ZnONP/AgN-  

W/ZnONP  was considered appropriate for the developed  TE.

Figure  4.13: PC/ZnONP/AgNW/ZnONP  top-layer variation: The ZnONP top-layer  

was  varied  20  - 60  scans while the  base-layer  was  constant.  In accordance  with 

figure 4.12,  a minimum of  30  scans ZnONP top-layer  was  considered appropriate 

for 𝑅s-decrease  and full  coverage  of  AgNWs.

The  homogeneity  and  coverage  of  PEDOT:PSS in PC/AgNW/PEDOT:PSS was sat-  

isfying from  50 vol. % diluted suspension and  spin  coating  with 4000  rpm. This  resulted 

in a coating thickness  of ≈ 10 nm on AgNWs as shown  before  in figure 4.9.
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4.2.3 Developed  TEs

The  TEs  were  compared to uncoated  PC/AgNW.  Three  series  of  samples, each of  dif- 

ferent AgNW-densities,  were  prepared  for further investigations. The  impact of  the 

AgNW-density  on TE-properties is studied  in the following  chapter.  SEM  images  of  

representative  samples are  depicted in figure 4.14 below.  

Uncovered areas  of  PC  cause  charging  in the electron beam,  visible  in a different  

appearance in SEM. Sprayed  ZnONPs  cause  a lower  contrast in SEM  with a secondary  

electron detector.  Ring-shaped concentrated  regions of  ZnONPs  are  visible, linkable  to 

the coffee ring  effect.  PEDOT:PSS is a very  thin coating on AgNWs. A homogeneous 

coverage  of  PEDOT:PSS on AgNWs can  be concluded  from  no charging  appearance in 

SEM  in uncovered PC  areas, due  to the low conductivity  of  PEDOT:PSS.

Figure  4.14: SEM images of developed  TEs: Developed TEs  are compared  to  uncovered 

AgNWs on  PC. Concentrated regions  of  ZnONPs are visible. Uncovered PC causes 

charging which disappears by  PEDOT:PSS-coating.
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Figure 4.15 shows  the optical appearance  of  representative  2.5 cm  x  2.5 cm  sam-  

ples of  PC/ZnONP/AgNW/ZnONP  (𝑇tot𝑎l (550  nm)  = 0.79, 𝑅s=8.2 ± 1.0 Ω/sq) and  

PC/AgNW/PEDOT:PSS (𝑇tot𝑎l (550  nm)  = 0.81, 𝑅s=9.2 ± 1.2 Ω/sq) compared to the 

PC-substrate.

Figure  4.15: Photo  of developed  TEs: Photo  of  coated AgNW-networks compared  to  I) PC- 

substrate. ZnONPs cause  a yellowish colour  in  II) PC/ZnONP/AgNW/ZnONP. 

The PEDOT:PSS  causes a blueish tone in  III) PC/AgNW/PEDOT:PSS. Good 

optical  transmittance  in  the  visible is combined  with 𝑅s ≈ 10 Ω/sq in  both TEs.

The  total transmittance spectra of  these  samples are  shown  in figure 4.16.  The  yel-  

lowish  appearance  of  PC/ZnONP/AgNW/ZnONP  in figure 4.15 can be explained  by  a 

slight transmittance drop < 700 nm.  Apart from  that, rather  constant transmittance is 

observed  in all shown  spectra over  a broad range  in the visible  light range.

Figure  4.16: Transmittance  of developed  TEs: The TEs  show constant  total  transmittance  

over  a broad  range in  the  visible light spectrum.  ZnONPs cause  a minor transmit-  

tance drop < 700 nm,  explaining a slightly  yellowish appearance  in  figure 4.15.

Typically, electrical and  optical properties are  counter-active.  To visualize this,  it is 

common to plot  the transmittance as a function  of  the sheet  resistance.[84, 134, 135]
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Figure 4.17 shows  a) 𝑇nor  m𝑎l and  b) 𝑇tot𝑎l as a function  of  the 𝑅s for uncoated  AgNWs 

(green), AgNWs in ZnONPs  (pink) and  coated  with PEDOT:PSS (blue). The  curves  

have the expected and  for AgNW-networks  typical shape.  High  transmittance and  low 

sheet  resistance  is a challenging combination,  as the transmittance drops significantly  

below a certain 𝑅s value.

(a) normal transmittance (b) total  transmittance

Figure  4.17: Sheet resistance  vs. transmittance: The plots show the  typical  shape for 

AgNW-networks,  whereas 𝑅s drops significantly  below certain  value.  AgNW- 

coatings  influence optical  properties,  most  significantly 𝑇nor  m𝑎l,  where the  curve 

shifts  towards lower  transmittance  values,  due  to  lost  intensity to  scattering  effects.
𝑇tot𝑎l on  the  other  hand,  is not significantly  affected by  the  ZnONPs.

It  is noticable  from  figure 4.17,  that there  is significant difference  between 𝑇nor  m𝑎l

and 𝑇tot𝑎l, which is caused by  the ZnONPs. For same 𝑅s values, the 𝑇nor  m𝑎l for 

PC/ZnONP/AgNW/ZnONP  is decreased in comparison  to PC/AgNW  or PC/AgN-  

W/PEDOT:PSS. The  PEDOT:PSS-coating  on the other hand, mostly  conserves  the 

optical properties of  uncoated  AgNWs. For 𝑇tot𝑎l, all curves  are  mostly  overlapping  in 

this representation.  This  difference  between 𝑇tot𝑎l and 𝑇nor  m𝑎l is linked  to light scattering  

and  can  be quantified  in values for the optical haze,  as discussed  later.  

It  is further apparent from  figure 4.17 that there  is a general relationship between 

optical and  electrical properties. Both,  electrical and  optical behaviour  are  dependent  

on the AgNW-density. This  behaviour  is followingly  described  with percolation  models. 

PEDOT:PSS itself  is conductive  and  ZnONPs  are  transparent conductive  oxides, when 

doped. The  contribution  of  additional  materials  to the AgNW-composite conductivity  

was in this context  of  interest.
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4.3 Percolating AgNW-networks

Sprayed  AgNW-networks  are  percolating  systems,  working as a fully interconnected sys-  

tem when a critical  coverage 𝜑𝑐 is exceeded. Optical properties and  most  prominently  

the electrical properties, are  dependent  on the AgNW-density,  which is represented by  

the AgNW  surface coverage 𝜑s. The  phenomenon  is typical for AgNW-based TEs.  The  

influence of  PEDOT:PSS-  and  ZnONP-coating  on the percolating  behaviour  of  AgNW- 

networks  is studied.  The  developed  TEs  PC/ZnONP/AgNW/ZnONP  and  PC/AgN-  

W/PEDOT:PSS are  in this context  compared to a reference of  uncoated  PC/AgNW.

4.3.1 Electrical dependence  on  the  AgNW-density

Electrical percolation  is described  with a power  law,  as explained  in chapter  2. The  

power  law is again shown  in equation 4.3.  Research  effort  is put  into further describing 

the material  factor  M,  the critical  density 𝜑𝑐 and  the critical  exponent t.

𝑅s(𝜑s) =
𝑀

(𝜑s − 𝜑𝑐)t
[84]  (4.3)  

Based on Khanarian  et  al. [84], the 𝜑𝑐 is calculated  to 𝜑𝑐=0.04 for the used AgNW- 

dimensions of  L=9, 2± 2.8𝜇m and  D=58.3± 15.2nm (Sigma60 in table 4.1). Using the 

averaged D- and  L-values in equation 4.4 below,  the AgNW-networks  should theoretically  

become  percolating  for an electrical current when 𝜑s is exceeding 0.04.

𝜑𝑐,tℎ𝑒or y ≈ 18 *𝐷
𝜋 * 𝐿 ≈ 18

𝜋

58.3nm

9200nm
≈ 0.04 (4.4)

4.3.2 Optical dependence  on  the  AgNW-density

It  was further shown  in chapter  2 that the transmittance is kown  to drop linearly  with a 

certain  slope 𝛽 with increasing AgNW-density.

𝑇 = 𝑇su𝑏str(1− 𝛽 𝜑s) [92]  (4.5)  

The  T is the composite transmittance and 𝑇su𝑏str is the transmittance of  the substrate.

4.3.3 Electro-optical properties

As both,  electrical and  optical properties, are  dependent  on 𝜑s, attempts  are  made  to link 

electro-optical  dependences  in an expression for T as a function  of 𝑅s. An equation  for
𝑇 (𝑅s) can  be used to fit  the dependences  shown  in figure 4.17 before. For that purpose, 

a similar  attempt  to Bellet et  al. [94], to combine electrical properties (equation 4.3)  and  

optical properties (equation 4.5),  follows.
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Equation 4.5 can be rewritten  to express 𝜑s, as shown  in equation 4.6.

𝜑s = 

1− 𝑇
𝑇su𝑏str

𝛽
(4.6)  

This  is inserted  in equation 4.3 and  leads to equation 4.7.

𝑅s =
𝑀

(
1− 𝑇

𝑇su𝑏str
𝛽 − 𝜑𝑐)t

(4.7)  

Rearrangements  result  in 𝑇 (𝑅s),  which is shown  in equation 4.8.

𝑇 (𝑅s) = 𝑇su𝑏str(1− 𝛽((
𝑀

𝑅s
)
1
t + 𝜑𝑐)) (4.8)  

The  used total transmittance spectra of  uncoated  and  coated  AgNW-networks  of  dif- 

ferent 𝜑s as well  as the spectra of  the substrates  without  AgNWs are  depicted in figure
4.18.  To fit  experimental  data to the introduced  equations  for electrical, optical and  

electro-optical  properties, 𝑇tot𝑎l values at 550 nm were  used.

Figure  4.18: Total transmittance spectra: 𝑇tot𝑎l values  at  550 nm were  used to  fit the  

dependences  shown in  figure 4.19.  Graphs a-c show 𝑇tot𝑎l spectra  of  the  TEs  of  

different 𝜑s.  In d),  the  substrate  spectra  (𝑇su𝑏str) without  AgNWs are shown.
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4.3.4 Percolation modelling

Figure 4.19 shows  the fitted  experimental  data from  samples of  different 𝜑s of  uncoated  

PC/AgNW  and  the developed  TEs.  Highlighted parameters  were  fitted  to 1.)  electrical 

(equation  4.3)  and  2.)  optical dependences  on 𝜑s (equation  4.5), which are  accordingly 

noted  in the figure.  The  obtained parameters  were  tested  to describe the 3.)  electro- 

optical dependence of 𝑅s on 𝑇tot𝑎l (equation  4.8).

Figure  4.19: Percolation modelling: Highlighted  parameters were  determined from  fitting  

with stated equations  (equation 4.3 and 4.5).  Obtained fitting  parameters were  

tested to  fit 𝑅s(𝑇 ), based  on  equation  4.8.  The 𝑅s were  determined from  five 

measured spots, 𝑇tot𝑎l was  taken at  550 nm and the 𝜑s was  extracted from  4-5 

SEM  images.  The uncoated reference PC/AgNW  is compared  to  coated AgNWs.
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The  error bars result  from  the following  measurement routines and  equal the stan-  

dard deviations  from  the average. The 𝜑s were  averaged from  4-5  SEM  images  and  the
𝑅s were  averaged from  five measured  spots. The 𝑇tot𝑎l values were  taken  at 550 nm.  

The  critical  exponent t, the material  factor  M  and  the critical  AgNW-density 𝜑𝑐 were  

extracted  from  the power  law 𝑅s(𝜑s). The 𝛽 was determined from 𝑇tot𝑎l(𝑅s). High-𝜑s

samples in PC/ZnONP/AgNW/ZnONP  (orange  in figure 4.19)  were  excluded for fitting
𝑇tot𝑎l(𝜑s), due  to discrepancies from  linearity  at high  AgNW-densities.  Higher  standard  

deviations  and  lower  regressions  in the plots from  PC/ZnONP/AgNW/ZnONP  samples 

result  from 𝜑s determination  from  lower  contrast SEM  images.  Dependences  of 𝑇tot𝑎l

on 𝑅s are  described  with the extracted  parameters  as fixed values. Good agreement is 

obtained, which supports  the accuracy of  the theoretical  parameters. 

The  parameters  obtained from  fittings in figure 4.19 are  summarized  in table 4.4.

Table  4.4: Percolation modelling  results: The extracted optical  parameter 𝛽,  critical  expo-  

nent t,  material  factor  M and critical  AgNW  surface fraction 𝜑𝑐 are summarized.

𝛽 t M 𝜑𝑐

PC/AgNW 0.50 ±0.02 1.73 ±0.48 0.37 ±0.15 0.13 ±0.03

PC/ZnONP/AgNW/ZnONP 0.62 ±0.08 1.46 ±0.45 0.38 ±0.28 0.12 ±0.02

PC/AgNW/PEDOT:PSS 0.56 ±0.04 1.31 ±0.26 0.86 ±0.17 0.08 ±0.02

In  regard to these  theoretical  parameters, the following  conclusions  are  drawn.

4.3.4.1  Reference  network: PC/AgNW

From  uncoated  PC/AgNW  we can  conclude that predicted 𝜑𝑐 is higher  than the theoret-  

ical value  of  0.04.  Khanarian  et  al. [84]  assume  intimate  and  optimized contact between 

wires  so that 𝑅j can  be neglected. They  assume  that the current cannot be blocked  at 

junctions  of  overlapping  AgNWs. This  makes  the 𝜑𝑐 in reality  larger than expected from  

the calculation  shown  in equation  4.4.

4.3.4.2  AgNW-networks coated  with ZnONPs  or PEDOT:PSS

For coated  AgNWs, the 𝜑𝑐 values are  reduced  when compared to PC/AgNW.  But  the 𝜑𝑐

are  still above 0.04.  A prominent decrease  is caused by  PEDOT:PSS. The  free-standing 

coatings of  PEDOT:PSS and  ZnONPs  have low lateral conductivity  (𝑅s ≈ M Ω/sq). 

PEDOT:PSS is a thin layer  and  not  optimized towards  high  conductivity,  no acid- or 

DMSO-treatment was performed. ZnONPs  are  inefficient for charge  carrier  transport  

due  to their  small size (D ≈ 15 nm)  and  absence of  doping.  It  is considered that their  

contribution  to the lateral charge  carrier  transport  is not  significant. For ZnONPs, the
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contribution  can  even  be considered negligible. But  they  can  mitigate  the charge  carrier  

transfer  between wires  over  small distances.  This  is equivalent to lowering  the 𝑅j . 

Having this in mind, the effective  lowering  of 𝜑𝑐 is linked  to lowering 𝑅j , which is 

further linked  to following  different  effects  or a combination  of  them.

a) The  acidity of  PEDOT:PSS might partly  destroy  the insulating  shell of  AgNWs. 

This  causes a more intimate  contact.  

b)  PEDOT:PSS, and  to a lesser extent  ZnONPs, help to transfer  charge  carriers  at 

small distances  between AgNWs at the junction  proximity. 

c)  AgNWs are  exposed to additional  heat treatment at 100 °C  during  deposition of  

the coating,  which may  partly  pyrolyze  insulating  surfactants. 

So,  we assume  that the effective  impact of  the coating is the lowering  of  the junction-  

resistance,  while the lateral resistance  is not  modified.  Lateral resistance  decrease  would  

be visible  in negative 𝜑𝑐 values, indicating  that additional  paths  are  created  to enable  the 

current to flow through  the ZnONPs  or PEDOT:PSS. But  this is not  the case. The 𝜑𝑐

are  approaching 𝜑𝑐,tℎ𝑒or y, but  still 𝜑𝑐 > 𝜑𝑐,tℎ𝑒or y. The 𝑅j has the most  pronounced effect  

on the conductivity  of  sparse  networks, close  to the percolation  threshold.[93] This  is 

reflected in the shown  data by  enhanced resistance  decline for coated  AgNW-TE samples 

of  low 𝜑s and  observed  shifts  in 𝜑𝑐. 

Further,  the decrease  in the resistance  ratio 𝑅j

𝑅w
through  the coating with additional  

materials  may  influence the critical  exponent t, as shown  by  Fata  et  al.[93] For reduced
𝑅j , the t is expected  to assume  lower  values. This  effect  is observed  in the data from  

fitting 𝑅s(𝜑s) and  supports  the assumed decrease  of 𝑅j by  coating AgNW-networks. 

From  the model by  Khanarian  et  al. [84], the material  factor  is further linked  to a C 

value. The  C is defined as the deviation  from  bulk silver  resistivity  (𝜌).  When C=1,  the 

resistivity  of  AgNWs is said  to equal the resistivity  of  bulk silver.  The  C could  thus  be 

linked  to 𝑅w. But  the equation  can  only  be applied, when 𝑅j is assumed to be negligible 

and  when the t is considered to equal the theoretical  value  of  1.3 for 2D-networks. A 

dependency  on 𝑅j , which apparently  affects  t and  M,  is not  considered. 

A dependency of  C,  t and  M  on the resistance  ratio 𝑅j

𝑅w
would  thus  be required  in 

percolation  equations  to describe coated  AgNW-networks of  different 𝑅j

𝑅w
.

4.3.5 Effects of  coating AgNW-networks

Modelling has shown that the critical AgNW-density is  smaller for coated AgNW-networks. 

Hence,  the percolating  regime  is achieved  earlier  by  coating the AgNWs. The 𝑅j is as- 

sumed to be reduced  by  PEDOT:PSS-  or ZnONP-coating,  due  to their  vertical resistance  

decrease  at junctions  of  AgNWs.
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Coating  of  AgNW-networks have the following  effects  on models from  the literature.

1) AgNWs are  effectively  longer  in the model  by  Khanarian  et  al. [84]. 

2) The  charge  transport  probability is higher  in the model  by  Lagrange  et  al. [92]  

3) The  junction  areas  for charge  carrier  transport  are  enlarged, which decreases 𝑅j .

These  effects  result  from  shifted 𝑅j

𝑅w
in coated  AgNW-networks. The  coatings on 

AgNWs lower 𝜑𝑐 and  decrease  t, which supports  that 𝑅j is lowered. The  resistance  ratio
𝑅j

𝑅w
is thus  shifted to lower  values. This  effect  is sketched in figure 4.20 below.

Figure  4.20: Reduced 𝑅j by coating  AgNWs: Junction  resistances  are reduced by  coat- 

ing AgNW-networks with PEDOT:PSS  or  ZnONP.  The coatings  lower  the  critical  

AgNW-density.  Charge carriers  at  junctions are transported more efficiently.

It  can  be imagined as a subway-effect. Usually  a subway  network  is fast. But  if  one  

line is blocked,  slower  bus lines  are  beneficial  for the mobility. The  slow lines  are  not  

required  when the line-density  is high. But  approaching a critical  line-density, slow lines  

improve the mobility  significantly  due  to an improvement of  weak  points  in the network.
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4.4 Haze

Haze is an optical property  that is either desired  to be high  or low,  depending on the 

application.  Dependences  of  the haze on the roughness,  the AgNW-density  and  the two 

coatings of  either ZnONPs  or PEDOT:PSS, are  discussed.

4.4.1 Dependence  of  haze  on  the  roughness

Haze (H) is the ratio of  diffuse  transmittance (𝑇tot𝑎l - 𝑇nor  m𝑎l) per 𝑇tot𝑎l. It  is mostly  

determined by  the surface roughness  and  further dependent  on the refractive  indices  of  

the material  and  atmosphere  and  also,  the wavelength of  the incident  light.[136, 137]  

This  relationship is shown  in equation 4.9.

𝐻 = 1− 𝑒xp(−(2𝜋(n1 − n2) * 𝑅 q

𝜆
)2) [136, 137]  (4.9)

Rq... root mean square  surface roughness
𝜆...  wavelength of  the incident  light
n1 and n2...  refractive  indices  of  the media on either side  of  the scattering  interface

Figure  4.22  shows  the surface height profiles of  coated  AgNW-networks in comparison  

to uncoated  PC/AgNW.  ZnONP-layers  cause  periodic  peaks in the height profiles and  

increase  the surface roughness  significantly. PEDOT:PSS-coating  does not  evidently  

change the AgNW-morphology  and  mostly  conserves  the roughness  of  PC/AgNW.

Figure  4.21: Surface  height profiles: ZnONP-coating increases the  surface roughness.

The  root mean square  surface roughness  values (Rq)  were  extracted  and  averaged from  

three lines  per  sample. The  results  are  listed in table  4.5.

65



Table  4.5: Surface  roughness: Haze is determined by  the  surface roughness.  The root  mean 

square surface roughness values  (Rq)  of  the  developed TEs  and the  PC/AgNW  ref- 

erence are shown.
Rq

PC/AgNW 7.7 ± 0.9 nm
PC/ZnONP/AgNW/ZnONP 154 ± 5 nm
PC/AgNW/PEDOT:PSS 7.8 ± 0.4 nm

The  increased surface roughness  from  sprayed  ZnONP-coating  results  from  the coffee 

ring  effect  (see  section 4.1).  SEM  images  of  PC/ZnONP/AgNW/ZnONP  and  PC/AgN-  

W/PEDOT:PSS are  shown  in figure 4.22.  Concentrated  regions of  ZnONPs  result  from  

nanoparticles that diffuse  to the edges of  the sessile droplets during  spray  deposition.  

These  regions are  marked  with white  arrows.  Surface profilometry has confirmed  that 

the coffee rings  of  ZnONPs  increase  the roughness,  when combined  with AgNW-networks  

on PC-substrate. Due  to the increased roughness,  the 𝑇nor  m𝑎l of  PC/ZnONP/AgN-  

W/ZnONP  is decreased in comparison  to PC/AgNW  or PC/AgNW/PEDOT:PSS, as 

shown  in figure 4.17 before. As a result,  the haze (H=𝑇tot𝑎l−𝑇nor m𝑎l
𝑇tot𝑎l

) is increased by  

coating AgNW-networks  with ZnONPs. The  effect  is discussed  in more detail  by  sepa-  

rate  discussion of  the dependence of  haze on the AgNW-density  and  the ZnONP-coating  

thickness.

(a) PC/ZnONP/AgNW/ZnONP (b) PC/AgNW/PEDOT:PSS

Figure  4.22: Surface  morphology: SEM  images  are shown.  a)  Regions of  concentrated  

ZnONPs result from  coffee rings. b) PEDOT:PSS  is homogeneously distributed. 

These observations  affect  the  roughness,  as  confirmed  by  profilometry. This further  

affects the  haze.

4.4.2 Dependence  of  haze  on  the  AgNW-density

Studies  have interrelated  haze and  AgNW-diameters  (D).[134, 84]  The  D is important  to 

estimate the haze of  AgNW-networks.  A diameter  increase  of  AgNWs from  D=30  nm to 

D=100 nm is predicted to increase  the haze up to 8 times.[134]  In  this work,  AgNWs of

66



same  dimensions have been used and  influences  of  the additional  coatings were  studied.  

Lagrange  et  al. [92]  plotted haze as a function  of  the AgNW-density  for different  AgNW- 

AR values and  showed  that the haze is linearly  dependent  on 𝜑s with a slope 𝛿. But  

they  could  not  report  a dependence of  haze on the AgNW-AR, when 𝜑s is considered. 

For coated  AgNWs of  same  AR,  an additional  factor  (m) is hereinafter introduced.  The  

linear  dependence  of  H on 𝜑s is shown  in equation 4.10.  The  data was fitted  to this 

equation,  as depicted in figure 4.23.  The  m and 𝛿 were  free fitting parameters. Results  

from  figure 4.23 are  listed in table 4.6.

𝐻(𝜑s) = m+ 𝛿 * 𝜑s (4.10)

m... extrapolated  haze at 𝜑s=0 𝛿...  haze increase  per 𝜑s increase

Table  4.6: Results from fitting  H(𝜑s): Fitting parameters from  figure 4.23 to  equation 4.10
are listed for developed TEs  in  comparison to  the  reference PC/AgNW.

m 𝛿

PC/AgNW 0.0 ±0.02 0.6 ±0.07

PC/ZnONP/AgNW/ZnONP 0.1 ±0.04 1.3 ±0.16

PC/AgNW/PEDOT:PSS 0.0 ±0.02 0.6 ±0.08

Figure  4.23: H(𝜑s): Haze as  a function of 𝜑s is shown and fitted to  equation 4.10.  Sprayed 

layers of  ZnONPs significantly  increase haze when  combined  with AgNW  networks.

It  is shown  that the haze-parameters  can  be affected by  coatings of  AgNW-networks.  

The  m is a parameter for the extrapolated  haze at 𝜑s=0 and  refers  to a haze contribution
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that results  from  the additional  coatings. PC/AgNW  and  PC/AgNW/PEDOT:PSS do 

not  show significant haze at 𝜑s=0, thus  m=0. In  PC/ZnONP/AgNW/ZnONP  m ̸= 0 is 

due  to the surface roughness  from  spray-coated  ZnONPs. PC/ZnONP  was measured  H 

(550  nm)  = 0.15  which is in approximate agreement with the extracted  m = 0.1.  The
𝛿 is similar  for PC/AgNW  and  PC/AgNW/PEDOT:PSS, but  significantly  increased by  

ZnONPs. The  increase  in haze with increasing 𝜑s is steeper  for ZnONP-coating.  Sprayed  

layers  of  ZnONPs  thus  offer a way  to increase  the haze,  as further adjustable  with the 

top-layer  thickness  of  ZnONPs.

4.4.3 Dependence  of  haze  on  the  sprayed ZnONP-coating thickness

The  haze is affected by  the single  layers  that build PC/ZnONP/AgNW/ZnONP  and  

PC/AgNW/PEDOT:PSS. The  PEDOT:PSS is expected to fill  gaps and  slightly  decrease  

roughness  and  haze,  as reported in literature.[138] But  the polymer layer  would  be re- 

quired to be thicker  to observe this effect.  ZnONP  layers  on the contrary, are  shown  to 

increase the haze,  which is dependent on  the thickness  of  the top  layer of  sprayed ZnONPs. 

Figure 4.24 shows  that the haze of  PC/ZnONP/AgNW/ZnONP  can  be partly  con-  

trolled by  the scan number  of  the sprayed  ZnONP-coating.  The  data was collected 

during  optimization  of  the ZnONP  top-layer  thickness.  A top-layer  scan number  of  30 

scans was considered appropriate, due  to reduced 𝑅s (see  figure 4.12). More  scans of  

ZnONP-coating  subsequently  increase  the haze.  Mehra et  al. [139]  introduced  ZnO-  

nanopyramids  layers  to control haze and  showed  the relevance of  haze-tuning layers. 

The  controlled morphology  of  sprayed  ZnONP-layers  is  in this regard interesting.

Figure  4.24: Haze-tuning  with  sprayed  ZnONPs: The top layer  scan number  of  ZnONPs 

increases the  haze.  A minimum of  30  scans is required  to  minimize 𝑅s (see figure
4.12).  More layers of  ZnONPs subsequently increase the  haze.

68



4.5 Application  of developed  transparent electrodes

Properties  of  developed  TEs  are  summarized  and  the stability  at ambient and  elevated 

temperature  conditions  is discussed.  Finally, application  as transparent flexible  heaters  

serve as a proof  of  concept.

4.5.1 Properties of  developed TEs

The  main  properties of  developed  TEs  are  summarized  in table 4.7.  The  TE  PC/ZnON-  

P/AgNW/ZnONP  would  be convenient for photovoltaics  or OLED  applications, due  

to the higher  haze.  This  improves  the interaction  of  incident  light with the material.  

The  TE  PC/AgNW/PEDOT:PSS would  be appropriate for display  applications, touch 

screens,  smart windows  or transparent heater devices due  to the lower  haze,  which does 

not  disturb the vision.

Table  4.7: Transparent  electrode properties: Obtained properties of  developed  low 

temperature processed TEs  are  shown.
𝑅s T  H

PC/ZnONP/AgNW/ZnONP ≈ 10 Ω/sq ≈ 0.8 ≈ 0.3 

PC/AgNW/PEDOT:PSS ≈ 10 Ω/sq ≈ 0.8 ≈ 0.1

The  TEs  were  deposited  on PC, which is a heat-sensitive  and  flexible  substrate. The  

composite-TEs are  good in terms of  their  low cost  and  ambient processing  at 100 °C  from  

solution.  Further,  no toxic materials  are  used and  upscalability  is expected to be easy  

by  ultrasonic spray-coating.  The  developed  TEs  are  therefore  interesting  alternatives  to 

common transparent conductive  oxides like ITO.

4.5.2 Figure of  merit by Haacke

Figures  of  Merit  (FOM)  are  convenient to rank  the performance of  materials.  High
𝐹 𝑂 𝑀𝐻 𝑎𝑎𝑐k 𝑒 express high  T and  low 𝑅s. In  figure 4.25,  the 𝐹 𝑂 𝑀𝐻 𝑎𝑎𝑐k 𝑒 (𝑇tot𝑎l = 550 

nm)  as a function  of 𝜑s are  shown,  bell-shaped  data sets  are  observed.  

The  data suggests  that the coatings are  beneficial  for low 𝜑s. For high 𝜑s, uncoated  

AgNWs show higher 𝐹 𝑂 𝑀𝐻 𝑎𝑎𝑐k 𝑒 values. This  observation  is linkable  to results  from  

percolation  modelling. It  was shown  that the coatings have a prominent impact on 

the electrical properties of  sparse  AgNW-networks  and  that lower 𝜑𝑐 are  obtained by  

coating AgNW-networks.  The  coatings shift the maximal 𝐹 𝑂 𝑀𝐻 𝑎𝑎𝑐k 𝑒 values to lower  

AgNW-densities.  Both  coatings lead to highest 𝐹 𝑂 𝑀𝐻 𝑎𝑎𝑐k 𝑒 at 𝜑s ≈ 0.2.  The  AgNW- 

PEDOT:PSS-TEs  show higher  maximal 𝐹 𝑂 𝑀𝐻 𝑎𝑎𝑐k 𝑒 than the AgNW-ZnONP-TEs.

69



Figure  4.25: Figure  of merit  by Haacke  et al. [37]: This FOM is common  to  illustrate  high
𝑇tot𝑎l and low 𝑅s in  high  FOM values.  Maximal values  are shifted  to  lower 𝜑s by  

the  additional  coatings  on  AgNW-networks.

4.5.3 Thermal stability

The  influence of  ZnONP-  and  PEDOT:PSS-coating  on the electrical stability  of  AgNW- 

networks  at elevated temperature  was of  interest, because  these  conditions  are  relevant 

for flexible  transparent heaters. Samples of  higher 𝜑s (𝑅s ≈ 10 Ω/sq) and  lower 𝜑s (𝑅s

≈ 20 Ω/sq) were  prepared.  The  samples were  stored at 70 °C  in ambient atmosphere  for 

one  month. The 𝑅s was monitored as a function  of  time, as shown  in figure 4.26.  The  

PC/AgNW-samples  served  as a reference for coated  AgNW-networks. 

PC/AgNW  of  low-𝜑s did  electrically  degrade  over  time, as stored at 70 °C. The 𝑅s and  

standard  deviations  are  increasing from  spatial differences  in 𝑅s. In  SEM, deformations 

are  visible  in high- and  low-𝜑s samples of  PC/AgNW.  After one  month, the microscopic  

degradations  are  not  yet  affecting the working order of  high-𝜑s networks. A low quan-  

tity  of  disturbed  electrical pathways  have a bigger  impact, when AgNW-density  is lower  

and  closer to 𝜑𝑐. High-𝜑s networks  can  buffer  more degraded wires,  before  the network  

breaks down.  The  microscopic  degradation  progress  of  PC/AgNW  at 70 °C  is  depicted 

in figure 4.27.  Nanoparticles were  formed within  one  week  on uncoated  AgNW  surfaces. 

Ag migration  is  well  studied  in literature.[111] Silver  oxidizes  and  migrates as 𝐴𝑔+ before  

it is deposited  elsewhere  in form  of  Ag nanoparticles (AgNP). The  AgNPs grew  bigger  

over  time. After approximately  three weeks,  distorted  junctions  were  found. This  dura- 

tion  matches the increasing 𝑅s in figure 4.26.  No such AgNW-formation  or 𝑅s-increase  

was observed  in reference samples of  PC/AgNW  stored in inert  gas atmosphere  at room 

temperature  for one  month. 

It  is  apparent from  literature  that silver  migration  and  AgNW  degradation  mechanisms  

can  be very  complex,  particulary,  when coated  with PEDOT:PSS due  to the polymer’s  

acidic and  hygroscopic  nature.[140, 112, 117, 141, 142]  But  it can  be concluded  that 

ZnONPs  and  PEDOT:PSS are  both  sufficient to prevent premature electrical degradation  

of  AgNWs at stated elevated temperature conditions.
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(a) high-density  AgNW-TEs (𝑅s < 10 Ω/sq) (b) low-density AgNW-TEs (𝑅s ≈ 20 Ω/sq)

Figure  4.26: AgNW  stability at  70°C: Shown are 𝑅s of  AgNWs coated with ZnONP (pink),  

PEDOT:PSS  (blue)  and uncoated (green),  stored at  70 °C and monitored over  

the  duration  of  one month.  Lower  AgNW-density lead  to  an  earlier  break-down.  

Uncoated AgNWs of  lower  AgNW-density began  to  electrically  degrade after ap- 

proximately  three  weeks.

Figure  4.27: PC/AgNW at  70°C: Complementary  SEM  images  to  figure 4.26 show progres- 

sive degradation  of  uncoated AgNWs. Protrusions grew bigger over  time.  No  

protrusions were  observed in  the  reference sample stored at  inert  conditions.
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4.5.4 Flexible  transparent  heater

Resistive  heating  is based on Joule’s  law (equation 2.9),  as explained  before  and  as shown  

in equation 4.11.

ΔT =
t

C *m *R *U2 (4.11)

T... temperature  t...  time  R... resistance  

U...  voltage  m... sample mass  C...  specific  heat capacity

The  temperature  increase  (△𝑇st𝑒𝑎𝑑y) is thus  controlled by  the applied voltage  and  

affected by  the heat capacity, mass  and  resistance  of  the sample. The 𝑅s of  the samples 

are  similar. Different behaviour  in heating  can  thus  be linked  to the additional  coatings. 

Figure 4.28 shows  the temperature  increases from  room temperature, obtained by  applied, 

stated voltages. It  shows  that both  developed  TEs  can  be used as sufficient transparent 

heaters. Observations  from  figure 4.28 are  summarized  in table 4.8.  Further,  figure 4.28
b)  shows  seven  temperature  cycles from  switching ON/OFF  3.5 V.  The  temperature  

increase  is in both TEs  is reliable  and  reproducible.

Table  4.8: Heating  results: Applied  voltages  generate following temperature  increases.  Heat  

generation  follows equation 2.11.  Corresponding  graphs are given in  figure 4.28

voltage [V] resistance [Ω] △𝑇st𝑒𝑎𝑑y [°C]

PC/ZnONP/AgNW/ZnONP  1.0 12.2 ≈ 6 

(𝑅s = 11 Ω/sq) 2.0 12.4 ≈ 25 

3.0 12.4 ≈ 50 

3.5 12.7 ≈ 65

PC/AgNW/PEDOT:PSS 1.0 12.6 ≈ 9 

(𝑅s = 12 Ω/sq) 2.0 12.9 ≈ 30 

3.0 13.5 ≈ 60 

3.5 13.9 ≈ 80

Higher △𝑇st𝑒𝑎𝑑y is obtained with PC/AgNW/PEDOT:PSS, which can  be linked  to the 

different  heat capacity  and  mass  quantity  of  the additional  materials.  PEDOT:PSS is 

applied as a very  thin coating.  ZnONPs  are  used as base  layer  and  coating.  It  is assumed, 

that the ZnONPs  in PC/ZnONP/AgNW/ZnONP  absorb  more heat than PEDOT:PSS 

in PC/AgNW/PEDOT:PSS.
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Figure  4.28: Heating: Applied  voltages  induce heating  of  both developed TEs  of  coated 

AgNW-networks with PEDOT:PSS  and ZnONPs.  The emissivity 𝜖 of  PC is taken 

0.8 and resistances  were  measured,  as  stated in  table 4.8.  Temperature  increases 

from  room  temperature  to  the  steady-state temperatures  as  a function of  time are 

shown in  a).  Graphs in  b) show seven heating  cycles  by  switching  ON/OFF  3.5 V,  

which indicates that  the  heating  is reproducible and reliable.

It  can  be concluded  that from  3.5 V,  PC/ZnONP/AgNW/ZnONP  delivers  a temper-  

ature increase  of  + 65 °C  while PC/AgNW/PEDOT:PSS increases the surface tempera- 

ture  by  + 80 °C. Both  temperature  increases are  reproducible from  thermal cycling. The  

heating  could  be obtained from  common 3.6 V batteries.
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5  Conclusions

Transparent  electrodes of  AgNW-networks coated  with PEDOT:PSS or ZnONPs  were  

developed  on flexible  and  low-cost  polycarbonate  (PC)  substrate. The  spraying param-  

eters  for deposition of  ZnONPs  and  AgNWs from  suspensions were  thoroughly  studied.  

All materials  were  processed from  solution  and  at 100°C.  The  developed  TEs  have high  

optical transmittance (𝑇tot𝑎l including  the substrate ≈ 0.8)  and  low sheet  resistance  

(𝑅s ≈ 10 Ω/sq).  The  TEs  differ in their  optical scattering  properties. The  AgNW- 

PEDOT:PSS-TEs  have low haze (H ≈ 0.1), whereas  the haze for AgNW-ZnONP-TEs 

is increased (H ≈ 0.3). The  increased haze for the electrodes with ZnONP-layers  is due  

to the increased roughness  and  can  be controlled through  the ultrasonic spray-coating  

parameters. The  roughness  results  from  the coffee ring  effect.  A prominent positive 

impact in electrical properties was obtained from  coating sparse  AgNW-networks with 

PEDOT:PSS due  to the decrease  of  the junction-resistance.  The  effect  is less prominent 

in the TEs  employing ZnONPs. The  decrease  in junction-resistance  is supported by  

theoretical  values extracted  from  percolation  modelling. Coatings  decrease  the critical  

AgNW-density  (𝜑𝑐 (PC/AgNW) ≈ 0.13, 𝜑𝑐 (PC/ZnONP/AgNW/ZnONP) ≈ 0.12  and
𝜑𝑐 (PC/AgNW/PEDOT:PSS) ≈ 0.08). At the same  time, the critical  exponent t is also 

decreased (t  (PC/AgNW) ≈ 1.7,  t (PC/ZnONP/AgNW/ZnONP) ≈ 1.5 and  t (PC/AgN- 

W/PEDOT:PSS) ≈ 1.3). These  decreased 𝜑𝑐 and  t values indicate  a shift of  the junction-  

resistance  to lower  values. The  percolation  regime  is thus  reached at lower  AgNW-density  

by  coatings. Coated  AgNW-networks  were  shown  to be suitable  transparent heaters  of  

increased stability, compared to bare AgNWs on PC. The  coatings protect  the AgNW- 

networks  from  premature electrical degradation,  when stored in ambient atmosphere  at 

70 °C  for one  month. Developed  TEs  were  successfully used as heaters. With an ap-  

plied voltage  of  3.5 V,  a steady-state  temperature  increase  of  + 65°C  was obtained from  

PC/ZnONP/AgNW/ZnONP  (𝑅s = 11 Ω/sq) and  + 80°C  from  PC/AgNW/PEDOT:PSS 

(𝑅s = 12 Ω/sq).  But  the developed  TEs  could  find  several other applications, apart from  

transparent heaters. The  PC/ZnONP/AgNW/ZnONP  would  be particularly  suitable  for 

applications  that target  high  haze (photovoltaics,  light emitting  diodes, etc.)  while the 

PC/AgNW/PEDOT:PSS is convenient for low-haze applications  (displays,  smart win-  

dows,  etc.).  The  insights  gained  in percolation  modelling and  ultrasonic spray-coating  

contribute  to more understanding of  coated  AgNW-networks,  of  coffee ring  formation  

from  spray-coating  and  the design of  AgNW-composites  for industrial-scale  and  low-cost  

processing  of  transparent electrodes on flexible  substrates.
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6  Outlook

The  developed  TEs  could  be implemented in other devices,  apart from  transparent 

heaters  and  the presented building blocks could  be used in other transparent electrode  

architectures and  on other substrates,  various  combinations  would  be possible. Further,  

the dilution of  commercial  Heraeus  Clevios PH 1000  was shown  to be sufficient to obtain  

homogeneous coverage  by  spin-coating,  this dilution is thus  recommended for ultrasonic 

spray-coating  of  PEDOT:PSS at 100 °C. Spray-coating  of  PEDOT:PSS is well  reported 

in literature  [143, 144, 145, 146, 147]  and  should be manageable  in a straight-forward  

manner.  Also, ultrasonic spray-coating  of  ZnONPs  could  open more ways to gradually  

control scattering  properties. Using other substrates,  decreasing the flow rate, increasing 

the substrate  temperature, doing systematic  wetting  studies  and  further investigations  of  

the patterns of  inner  coffee ring  deposits from  spray-coated  ZnONPs  would  be interesting.

75



Appendix

Table  6.1: Twelve principles for  greener  chemistry: The  principles  were  introduced  

by  Anastas and  Warner [3] as guidelines.

1. Prevention

2. Atom  Economy

3. Less  Hazardous  Chemical Synthesis

4. Designing Safer  Chemicals

5. Safer  Solvents and  Auxiliaries

6. Design for  Energy  Efficiency

7. Use of Renewable  Feedstocks

8. Reduce Derivatives

9. Catalysis

10. Design for  Degradation

11. Real-Time Analysis  for  Pollution  Prevention

12. Inherently  Safer  Chemistry  for  Accident Prevention
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List  of  Abbreviations

AgNW Silver  Nanowires

AR Aspect  ratio

amd Areal  Mass  Densitry

CNT Carbon  Nanotube

CS Cold  Spray

CVD Chemical Vapor Deposition

DMD Dielectric Metal  Dielectric

DMSO Dimethylsulfoxide

EDX Energy  Dispersive X-Ray  Analysis

EG Ethyleneglycol

FoM Figure  of  Merit

FT-IR Fourier-transform Infrared Spectroscopy

H Haze

ICRD Inner Coffee Ring Deposits

IPA Isopropanol

OLED Organic  Light Emitting  Diode

PANI Polyaniline

PC Polycarbonate

PEDOT:PSS Poly(3,4-ethylendioxythiophene)-poly(styrenesulfonate)

PVD Physical Vapor Deposition

PVP Poly(vinylpyrrolidone)

s𝑎𝑐r o :𝜑s𝜑s s𝑎𝑐r o :𝜑sAgNW  surface coverage

ii



R2R Roll to Roll

𝑅s Sheet  resistance

𝑅s Junction  resistance

𝑅s Wire resistance

RT Room temperature

SC Spin Coating

SEM Scanning Electron Microscopy

SP Spray  Pyrolysis

TCF Transparent  Conductive  Film

TCM Transparent  Conductive  Material

TCO Transparent  Conductive  Oxide

TE Transparent  Electrode

TH Transparent  Heater

T Transmittance

US Ultrasonic

USC Ultrasonic Spray  Coating

USP Ultrasonic Spray  Pyrolysis

UV Ultraviolet light region

Vis Visible light region

XRD X-ray  Diffraction

ZnONP Zinc  Oxide  Nanoparticles

iii
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