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ABSTRACT 
This work describes the techniques of assembling colloidal gold on flexible 

polymeric substrates from solution. The process takes advantage of the strong affinity of 
gold to thiol and amino groups. Polymeric substrates were modified with silanes having 
these functional groups prior to Au attachment or in the case of poly(urethane urea) 
(PUU), no surface functionalization was required. This polymer has terminal amine and 
N-H groups on the polymer chain, which can act as coordination points for gold. 
Immersion in the colloidal gold solution led to the formation of a monolayer. Increased 
coverage was obtained by two methods. The first was a reduction or “seeding” process, 
where Au was reduced onto the attached particles on the surface. The second was using 
different linker molecules and creating a multilayered film by a layer-by-layer assembly. 
Three linker molecules of different lengths were used. Films fabricated using the smallest 
molecule had the least resistance whereas films fabricated with the longest molecule were 
not conductive. The resistance of these films may be varied easily by heating. Heating the 
films at temperatures as low as 120 °C caused a dramatic decrease in the resistance of 
over six orders in magnitude. Successful attachment of gold to PUU with very good 
adhesion properties was also demonstrated. The attachment of gold was stable in 
different solvents. Upon stretching the PUU-Au films, it was observed that there is a 
reversible resistance increase with strain and at a certain strain, the film becomes non-
conductive. This sharp transition from conductive to insulating has potential applications 
in flexible switches and sensors. A hysteresis in the strain-resistance curves, analogous to 
the hysteresis in the stress-strain curves of the polymer was also observed. Using PUU as 
an adhesive agent, gold electrodes were successfully assembled on Nafion-based polymer 
transducers. These materials showed comparable actuation behavior to the electrodes 
made by the Pt-reduction method, with the added advantage of the ability to form 
patterned electrodes for distributed transducers. Patterning techniques were developed to 
form colloid-polymer multilayers for use in photonic crystal materials using selective 
deposition on patterned silane monolayers. Patterns of gold electrodes were also made on 
flexible polymers using a photoresist-based method. 



 iii

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

To 

My periappa 

Late Mr. P. R. Subramaniam 

whose values have greatly influenced me 

and who would have been very proud to see this day 



 iv

 

ACKNOWLEDGMENTS 

 
 This dissertation has been made possible with the help and support of a number of 

people and I would like to take this opportunity to acknowledge them. I express my 

utmost gratitude to my advisor, Prof. Richard O. Claus, whose constant encouragement 

and support has allowed me to grow as a scientist. I would like to thank Prof. Donald J. 

Leo and Prof. Timothy E. Long for the helpful discussions and guidance through out my 

graduate work. Thanks to Prof. Daniel J. Inman and Prof. Brian J. Love for their time and 

insight and for serving on my committee. Prof. Judy S. Riffle has been a source who has 

always helped me with everything during my stay in Blacksburg. I express my sincere 

gratitude for all her help. I also thank Prof. Tom C. Ward for some very helpful 

discussions and Prof. Garth L. Wilkes for his excellent teaching. 

 I would like to thank Frank Cromer for teaching me all about the XPS, Steve 

McCartney for all the help with the microscopy techniques and Kim Donaldson for help 

with the AFM. I would like to acknowledge the the Army Research Labs and Army 

Research Office for providing financial support. A very special thanks is due to all the 

members of the MAP-MURI team for all the lively discussions and insights into my work 

and to Dr. Barbar Akle for the work on the polymeric transducers discussed in Chapter 7.  

I would also like to thank all the people at FEORC where I spent most of my working 

hours.    

 I am extremely grateful to my parents, Geetha and P.R. Venkatesh and periamma, 

A. S. Janaky who have always stood by me, encouraged me to excel in everything I do, 

taught me so much and for their blessings, and my sister Rajeswari who has been a 

wonderful friend and sister. Life during graduate school consisted of many happy times 

with my friends who have listened to all my complaints, frustrations and who have 

helped me remain sane. Thanks to Pramod, Jaya, Jiten, and others and all my friends 

from Kharagpur. Finally, I express my deepest gratitude to Rahul, who has been my best 

friend and strongest support through the highs and lows of graduate school. This would 

not have been possible without you.  



 v

 

TABLE OF CONTENTS 

Abstract……………........................................................................................................... ii 

Acknowledgments.............................................................................................................. iv 

Table of Contents................................................................................................................ v 

List of Figures ................................................................................................................... vii 

List of Tables .................................................................................................................... xii 

Chapter 1…......................................................................................................................... 1 

Dissertation overview and Motivation................................................................................ 1 

Chapter 2…......................................................................................................................... 4 

Literature Review................................................................................................................ 4 
2.1 INTRODUCTION AND HISTORICAL BACKGROUND .................................................................... 4 
2.2 DEPOSITION OF METALS ON PLASTIC.......................................................................................... 5 
2.3 ADHESION..................................................................................................................................... 14 
2.4 METAL COLLOIDS ....................................................................................................................... 16 
2.5 ASSEMBLY OF METAL COLLOIDS ON SURFACES...................................................................... 26 
2.6 FORMATION OF NANOPARTICLE ARRAYS BY PATTERNING.................................................... 37 
2.7 CONCLUSIONS .............................................................................................................................. 43 

Chapter 3…....................................................................................................................... 44 

Solution-Based Assembly of Conductive Gold Film on Flexible Polymer Substrates .... 44 
3.1 ABSTRACT ........................................................................................................................ 44 
3.2 INTRODUCTION ................................................................................................................. 44 
3.3 EXPERIMENTAL METHODS ............................................................................................... 46 
3.4 RESULTS AND DISCUSSION............................................................................................... 48 
3.5 CONCLUSIONS................................................................................................................... 58 

Chapter 4…....................................................................................................................... 59 

Fabrication of Conductive Multilayer Au films on Flexible Polymeric Substrates using a 
Layer-by-Layer Assembly ................................................................................................ 59 

4.1 ABSTRACT ........................................................................................................................ 59 
4.2 INTRODUCTION ................................................................................................................. 59 
4.3 EXPERIMENTAL METHODS ............................................................................................... 61 
4.4 RESULTS AND DISCUSSION............................................................................................... 63 
4.5 CONCLUSIONS................................................................................................................... 72 

Chapter 5........................................................................................................................... 73 

Thermal Coalescence and Resistance Changes in Colloidal Au/Linker Molecule 
Multilayer Films................................................................................................................ 73 

5.1 ABSTRACT ........................................................................................................................ 73 
5.2 INTRODUCTION ................................................................................................................. 73 



 vi

5.3 EXPERIMENTAL METHODS ............................................................................................... 75 
5.4 RESULTS AND DISCUSSION............................................................................................... 76 
5.5 CONCLUSIONS................................................................................................................... 88 

Chapter 6........................................................................................................................... 90 

Assembly of Conductive Au Films on Poly(urethane urea) Elastomers using a Solution-
Based Approach ................................................................................................................ 90 

6.1 ABSTRACT ........................................................................................................................ 90 
6.2 INTRODUCTION ................................................................................................................. 90 
6.3 EXPERIMENTAL METHODS ............................................................................................... 93 
6.4 RESULTS AND DISCUSSION............................................................................................... 95 
6.5 CONCLUSIONS................................................................................................................. 106 

Chapter 7......................................................................................................................... 107 

Assembly of Au Electrodes on Polymeric Sensors and Actuators using a Poly(urethane 
urea) Linking Agent........................................................................................................ 107 

7.1 ABSTRACT ...................................................................................................................... 107 
7.2 INTRODUCTION ............................................................................................................... 108 
7.3 EXPERIMENTAL METHODS ............................................................................................. 110 
7.4 RESULTS AND DISCUSSIONS ........................................................................................... 112 
7.5 CONCLUSIONS................................................................................................................. 118 

Chapter 8......................................................................................................................... 120 

Surface Patterning using Self-Assembled Monolayers: A “Bottom-up” Approach to the 
Fabrication of Microdevices ........................................................................................... 120 

8.1 ABSTRACT ...................................................................................................................... 120 
8.2 INTRODUCTION ............................................................................................................... 120 
8.3 EXPERIMENTAL METHODS ............................................................................................. 122 
8.4 RESULTS AND DISCUSSION ............................................................................................. 124 
8.5 CONCLUSIONS AND APPLICATIONS................................................................................. 131 

Chapter 9......................................................................................................................... 132 

Summary and Conclusions ............................................................................................. 132 

Bibliography ................................................................................................................... 135 

Appendix......................................................................................................................... 152 

Vita.................................................................................................................................. 156 



 vii

 

LIST OF FIGURES 

Figure 2.1. Illustration of the DC electrolysis system........................................................ 9 

Figure 2.2. Principle of electroless deposition (a) oxidation of reductant (b) reduction of 

metal ion leading to formation of the metal layer........................................ 10 

Figure 2.3. Relative rates of deposition using evaporation and sputtering. ..................... 12 

Figure 2.4. Schematic illustration of the CVD steps during deposition. ......................... 13 

Figure 2.5. Schematic illustration of adhesion tests......................................................... 16 

Figure 2.6.Schematic illustration of the stabilization of colloids by (a) electrostatic 

stabilization in citrate reduced Au (b) steric forces using ligand molecules 17 

Figure 2.7. Mechanism of formation of metal colloids via the salt reduction method .... 19 

Figure 2.8. Schematic illustration of an oil-in-water (normal) micelle and water-in-oil 

(reverse) micelle........................................................................................... 21 

Figure 2.9. Silver nanocubes grown by the polyol process ............................................. 22 

Figure 2.10. Experimental and theoretical values of the melting point of Au particles .. 23 

Figure 2.11. Conduction mechanism in a metallic conductor and in a nanoparticle (via 

tunneling), placed between two electrodes .................................................. 23 

Figure 2.12. Coulomb effect in a Pt nanoparticle between electrodes, visible at 4.2 K .. 24 

Figure 2.13. Aspect ratio dependent absorption spectra of gold nanorods ...................... 25 

Figure 2.14. Schematic illustrating the assembly of CdS nanocrystals on metal surfaces

................................................................................................................... 27 

Figure 2.15. Schematic illustration of the attachment of Au via silanes ......................... 28 

Figure 2.16. Absorbance at λmax versus immersion time alternate for APS-coated glass, 

coated with alternate layers of Au and sodium citrate, PVP, trans-1,2-bis(4-

pyridyl)ethylene (BPE) and mercaptoethanol.............................................. 29 

Figure 2.17. FE-SEM images of Au3+/NH2OH-enlarged Au colloid monolayers on APS 

coated glass .................................................................................................. 29 

Figure 2.18. Schematic illustrating the assembly of mixed hexanethiolate/ -

mercaptoundecanoic acid monolayers (C6/C10COOH) coated Au MPC and 

subsequent thermolysis to form a gold film................................................. 31 



 viii

Figure 2.19.Illustration of the electrostatic self-assembly process for a positively charged 

polyelectrolyte and negatively charged colloid on a negatively charged 

surface .......................................................................................................... 33 

Figure 2.20.Schematic illustrating the attachment of colloidal particles using a 

bifunctional linker molecule ........................................................................ 35 

Figure 2.21.Schematic illustrating the layer-by-layer assembly of colloids using linker 

molecules ..................................................................................................... 35 

Figure 2.22. Illustration of the photolithography process................................................ 38 

Figure 2.23. SEM image of patterned TiO2 ..................................................................... 40 

Figure 2.24. Patterning of SAMs by photolysis............................................................... 41 

Figure 2.25. Schematic representation of DPN................................................................ 42 

Figure 3.1. Schematic illustrating the deposition of gold film on polymer. .................... 46 

Figure 3.2. Chemical structures of Kapton and polyethylene.......................................... 48 

Figure 3.3. C 1s spectra from XPS (a) before and (b) after argon plasma treatment....... 50 

Figure 3.4. Chemistry occurring in Kapton after plasma treatment................................. 51 

Figure 3.5. Si 2p3/2 spectra from XPS after APS treatment for (a) Kapton and (b) PE ... 52 

Figure 3.6. TEM micrograph of colloidal gold particles. ................................................ 54 

Figure 3.7. FE-SEM image showing the growth of gold film on Kapton........................ 55 

Figure 3.8. Tapping mode AFM phase image of two times seeded (a) Kapton and (b) PE 

conductive gold films................................................................................... 57 

Figure 3.9. Gold coated PE and Kapton........................................................................... 57 

Figure 4.1. Structure and length of the linker molecules used......................................... 63 

Figure 4.2. UV-vis spectra of colloidal gold solutions with different particle sizes........ 64 

Figure 4.3. TEM micrographs of different sized Au particles synthesized (a) 93 nm (b) 

71 nm (c) 37 nm (d) 18 nm. ......................................................................... 64 

Figure 4.4. Tapping-mode AFM height image of silane-coated Kapton immersed in Au 

solution for 24 h. Particle sizes (a) 93 nm (b) 71 nm (c) 37 nm (d) 18 nm. 66 

Figure 4.5. Schematic illustrating the layer-by-layer assembly of Au/linker molecule 

multilayer films............................................................................................ 67 

Figure 4.6. Absorbance peaks for Au-ME, Au-HD, and Au-DD films as a function of the 

number of bilayers deposited. ...................................................................... 68 



 ix

Figure 4.7. Absorption at 600 nm plotted as a function of the number of bilayers 

deposited for Au-ME, Au-HD, and Au-DD films. ..................................... 69 

Figure 4.8. DC resistance of Au-ME and Au-HD films as a function of the number of 

bilayers deposited......................................................................................... 70 

Figure 5.1. DC resistance of Au-ME, Au-HD, and Au-DD films as a function of time, 

heated at (a) 120 °C (b) 160 °C (c) 180 °C.................................................. 77 

Figure 5.2. XPS spectra of a 10 bilayer Au-HD film heated at 180 °C for different 

lengths of time.............................................................................................. 79 

Figure 5.3. SEM images of a 10-bilayer Au-ME film (a) unheated, and heated for 12 h at 

(b) 120 °C (c) 160 °C, and (d) 180 °C. ........................................................ 82 

Figure 5.4. SEM images of 15-bilayer Au-DD films (a) unheated, and heated for 12 h at 

(b) 120 °C (c) 180 °C................................................................................... 83 

Figure 5.5. Tapping-mode AFM height images of a 10-bilayer Au-HD film (a) unheated 

(b) 15 min at 180 °C. ................................................................................... 84 

Figure 5.6. UV-vis spectra for a 10-bilayer Au-ME film heated for different lengths of 

time .............................................................................................................. 85 

Figure 5.7. Current-voltage curves for a 10-bilayer Au-HD film (a) unheated and heated 

at 120 °C for 1 h, 12 h (b) magnification of the unheated and 1 h curves 

from (a). ....................................................................................................... 87 

Figure 6.1. Chemical structure of linear PUU elastomers consisting of alternating soft 

and hard segments........................................................................................ 95 

Figure 6.2. UV-vis absorbance spectra as a function of time for Au on PUU-35 ........... 98 

Figure 6.3. SEM images of Au attached on PUU-35 after immersion in Au solution for 

(a) 10 min, (b) 30 min, (c) 1 h, (d) 2 h......................................................... 98 

Figure 6.4. SEM images of Au on PUU-35 seeded (a) once (b) twice.......................... 100 

Figure 6.5. I-V curve for Au on PUU-35....................................................................... 100 

Figure 6.6. Stress of Au-PUU film and resistance of Au on PUU-35 as a function of 

strain........................................................................................................... 102 

Figure 6.7. Hysteresis curves for stress-strain and resistance-strain measurements...... 103 

Figure 6.8. Schematic illustrating the change in the film structure causing change in 

resistance upon stretching and relaxing ..................................................... 104



 x

Figure 6.9.  SEM image of Au on PUU-35 after stretching to 50% and relaxing ......... 104 

Figure 6.10. Stress-strain and resistance-strain curves for Au on PUU-35 showing the 

switching behavior in resistance ................................................................ 105 

Figure 7.1.  Setup for the free deflection and impedance tests ...................................... 111 

Figure 7.2.  SEM images of Au on PUU (a) Au monolayer (b) after seeding twice ..... 114 

Figure 7.3. Current-voltage curve for 2-layer seeded Au electrode on Nafion substrate

.................................................................................................................... 114 

Figure 7.4. Frequency response function of the microstrain per unit volt of four samples; 

a control sample with impregnation-reduction surface Pt layer, two samples 

with 5 vol% of SWNT added to the PUU, and one sample painted with a 1% 

(w/w) solution of PUU............................................................................... 115 

Figure 7.5. Frequency response function of the microstrain per unit volt of two samples; 

a control sample with impregnation-reduction surface Pt layer, and one 

sample painted with a 1% (w/w) solution of PUU and hot-pressed for 30 s at 

210 °C ........................................................................................................ 116 

Figure 7.6  Cross-sectional SEM image of transducer showing the different electrode      

layers and thickness of PUU (a) melt-pressed (b) unheated……………   

…………………………………………………………………….………117 

Figure 7.7. Impedance Frequency response function of four samples; a control sample 

with impregnation-reduction surface Pt layer, two samples with 5 vol% of 

SWNT added to the PUU, and one sample painted with a 1% (w/w) solution 

of PUU ....................................................................................................... 117 

Figure 7.8. Photo of the patterned transducer ................................................................ 118 

Figure 8.1. Conceptual illustration of the patterning process for OTS .......................... 125 

Figure 8.2. SEM images of patterned multilayers on silicon......................................... 126 

Figure 8.3. Optical micrograph of patterned two-bilayer PDDA-SiO2 on silicon using the 

photoresist method ..................................................................................... 127 

Figure 8.4. An illustration of the patterned geometry of a strain gauge. ....................... 128 

Figure 8.5. XPS spectra of (a) Untreated (b) Plasma treated (c) Si peak of APS deposited 

on Kapton................................................................................................... 129 

Figure 8.6. Patterned gold on Kapton ............................................................................ 131



 xi

Figure A3.1. N 1s XPS spectra for (a) as received Kapton and (b) plasma treated Kapton

......................................................................................................................................... 152 

Figure A3.2. C 1s XPS spectra for (a) as received PE and (b) plasma treated PE ........ 152 

Figure A3.3. Tapping mode AFM height images of (a) As received Kapton, and (b) APS 

coated Kapton, dipped in gold for 2 h........................................................ 153 

Figure A4.1. Growth of (a) Au-ME, (b) Au-HD, and (c) Au-DD films as followed by 

UV-vis spectroscopy.................................................................................. 154 

Figure A5.1. Tapping mode AFM image of seeded Au on Kapton heated at 200 °C for 

12 h............................................................................................................. 154 

Figure A7.1. Free displacement test data for Au on silane modified nafion and nafion 

coated with Pt using the impregnation reduction method.......................... 155 

 



 xii

 

LIST OF TABLES 

Table 2.1. Atom % of oxygen determined by XPS for various polymers treated for 15 s, 
10 W, 6.6 Pa pressure with Ar, O2 and Ar/O2 gases........................................................... 7 

Table 2.2. Size of monodisperse spherical Au colloids formed by changing the molar 
ratio of citrate to gold salt. ................................................................................................ 21 

Table 3.1. Water contact angles for surface modified Kapton and PE ............................ 49 

Table 3.2. Atomic composition of Kapton and PE films after surface modification....... 52 

Table 3.3. Atomic ratios for MPS coated Kapton (20 min deposition time) before and 
after stirring in methanol................................................................................................... 53 

Table 4.1. Properties of the Au solutions ......................................................................... 65 

Table 5.1. Resistivity of Au-ME, Au-HD, and Au-DD films heated at 120 and 180 °C for 
different times ................................................................................................................... 78 

Table 5.2. S/Au ratios for Au-ME, Au-HD, and Au-DD films heated for different times 
and temperatures as calculated from XPS data (take-off angle 90°) ................................ 80 

Table 5.3. Absorption peak and FWHM values for 10-bilayer Au-ME and Au-HD films 
heated at 120 °C and 180 °C for different lengths of time ............................................... 85 

Table 6.1. Chemical compositions of linear PUU elastomers.......................................... 96 

Table 8.1. Contact angles for the polymers after plasma treatment and SAM deposition
......................................................................................................................................... 128 

Table 8.2. Strain-resistivity data for gold on Kapton..................................................... 130 

 
 

 



 1

 

CHAPTER 1 

DISSERTATION OVERVIEW AND MOTIVATION 

 
This dissertation explores techniques of assembly of colloidal gold particles on 

flexible polymeric substrates to fabricate conductive films, and the characterization of 

their properties. The motivation behind this work is to enable the fabrication of electrodes 

on flexible materials for polymer-based flexible electronic devices. The different 

techniques and properties of depositing conductive/metal films on plastics are discussed 

in a literature review in Chapter 2. Techniques such as electroplating and electroless 

deposition of metals have been used for a long time. Although they are well-established, 

they suffer from a few disadvantages. Electrodeposition requires a conductive material 

for the deposition, so this is difficult to perform on polymer films.   Both the techniques 

are bulk processes. Controlling the properties of the metal film is not simple. The 

deposition processes are controlled by a number of parameters such as concentration of 

the solution, complexing agent, reducing agent and pH, among others, making it difficult 

to tune the properties accurately.  Selective deposition of materials is not possible using 

these methods.  

Newer techniques such as evaporation, sputtering or chemical vapor deposition 

have also been used to deposit metals on plastics. One major disadvantage of these 

processes is the need for high vacuum during deposition. This creates significant 

restrictions upon the types of substrate materials that can be used. For example, nothing 

with even a little residual solvent in the film can be used, as the vacuum will lead to the 

removal of solvent causing warpage of the film. Another restriction is on substrate size. 

Only sizes that can fit in the vacuum chamber can be used, which is usually not very big. 

Again, control of properties is difficult although selective deposition is possible by the 

use of masks. Cost is another impediment in these processes, which include cost of 

equipment, maintenance and training. Further, these methods cannot be used in a 

continuous assembly process because of the vacuum system required.  
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To overcome some of these limitations, a solution-based approach of deposition 

that allows good control over properties was developed using a combination of colloidal 

metals and the self-assembly process. Colloidal metals have been self-assembled on 

substrates such as glass and silicon previously using this approach with good control over 

the electronic and optical properties. Good control over the synthesis of particles of 

desired shape and size has been achieved. This can be used to tune the properties of the 

assembled films. Various methods of assembly have also been developed which provide 

another parameter to control the properties. Since self-assembly is a spontaneous process, 

the films are very easy to fabricate without the use of any external stimulus. 

In this work, this approach has been extended to flexible polymeric substrates. 

Colloidal gold was the metal of choice because of its ease of synthesis with a good 

control over size and shape. There is considerable literature on the properties and 

characterization of gold films and a variety of electronic and optical properties can be 

achieved using these colloids. The solution-based approach makes it very economical and 

the process is simple enough to be done on a laboratory bench-top without the use of any 

sophisticated equipment. This approach will also make manufacturing of flexible 

electronic devices simpler and cheaper, although further work needs to be done in this 

area.  Another advantage is the ability to pattern these films to create electrode micro-

arrays for the fabrication of nanoscale devices.  

Chapter 2 of this dissertation is a review of literature on the various processes 

used and the synthesis, properties and assembly of various metal colloids. Chapters 3 and 

4 describe two approaches for the assembly of gold colloids on flexible substrates, the 

characterization of the films and properties. One, using the reduction process, and the 

other using a layer-by-layer assembly. Chapter 5 describes the effect of heating on the 

properties of the films, which causes an irreversible decrease in the resistance upon 

heating at temperatures as low as 120 °C. In the next chapter, the assembly on a different 

polymer, poly(urethane urea) has been described. This method eliminates the silane 

functionalization used previously on the other polymers, making the process even 

simpler. Merely immersing the polymer film in the colloidal gold solution causes 

spontaneous assembly of gold. The polymer is an elastomer and stretching the gold-

coated polymer gives rise to a reversible change in the resistance of the gold film. 
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Chapter 7 describes the use of this polymer as an adhesive for the fabrication of gold 

electrodes on Nafion-based sensor-actuators and their characterization. Chapter 8 

describes some methods of creating patterned films using the bottom-up approach for use 

in photonic crystal devices and flexible electrode arrays. This is followed by conclusions, 

appendix and bibliography. 
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CHAPTER 2 

 LITERATURE REVIEW 

 

2.1 Introduction and Historical Background 

The deposition of metallic coatings on non-metallic objects has been known for a 

very long time. Examples exist of metallized wood and terracotta from the ancient 

Egyptian civilization, although the methods by which they were made are still unknown. 

The first example of metallized non-metal was demonstrated by von Liebig in 1835, 

when he produced metallic silver by reduction with an aldehyde and coated the inside of 

the vessel in which the reaction took place. Since then, a number of examples have been 

demonstrated of metallized non-metals. The technique of electroplating was used widely 

as a method of depositing metals after the discovery of the Galvanic couple by Luigi 

Galvani. This was widely used in the mirror industry for depositing metal on glass.  

At the end of the Second World War metallized plastics were available only as 

decorative items in the United States. The advent of the two-sided printed wiring board 

with plated-through holes as interconnects catapulted the research of metallized plastics, 

with fervent activity in the area of developing commercially viable methods of depositing 

different metals on plastics. A major breakthrough came with the metal plating of 

acrylonitrile-butadiene-styrene (ABS) rubber using chemical pretreatment. It was found 

that the polymer still retained good mechanical properties after the plating as well as 

good adhesion to the metal. Since then, a number of polymers such as acetals, acrylics, 

polyesters and fluoroplastics, among others, have been metallized. Most of the recent 

work on metallizing plastics has been done on polyimides, which are widely used in the 

electronics industry for flexible circuits. 
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2.2 Deposition of metals on plastic 

Although metal-coated plastics have been used for a long time mainly for 

decorative purposes, there are a number of other advantages. One of the main advantages 

is the ability to make a non-conductive polymer conductive. This has a wide-range of 

applications in flexible electronic components. Metallization also protects the polymer 

from degradation and structural changes induced by electrical phenomena, ultra-violet 

(UV), infra-red (IR) or other damaging radiation. Metallic coatings also improve the 

thermal stability of the polymer by acting as heat sinks. Sometimes these films can also 

act as flame retardant mediums, for example, in the case of electroplated cellulose nitrate. 

Metal coatings also serve to protect the polymer from chemical attack and from the effect 

of moisture. Overall an increase in the weatherability and dimensional stability of the 

polymer is obtained. However, it must be kept in mind that although metallized plastics 

might replace metals in some applications, the mechanical and electrical properties of 

metals are much better at all temperatures. Plastics also suffer from the disadvantage of 

being low-temperature materials compared to metals.  

 

2.2.1 Surface pretreatment 

The inert nature of most polymers creates a challenge when coating the surface. 

Hence, prior to the deposition of metals by any method, the plastic surface has to be 

treated. This is done to clean the surface and condition it to ensure proper adhesion of the 

deposited metal films. This treatment results in the modification of chemical, 

morphological and physical properties of the surface. Surface pretreatment can be done 

either by using wet-chemical methods or by physical methods. 

2.2.1.1 Chemical methods 

In these methods the polymer substrate is immersed in or sprayed with a chemical 

solution and the excess reagents are rinsed off. One of the major requirements in this case 

is that the polymer should not dissolve in the solution and should have excellent chemical 

resistance. Some of the earliest treatments involved the use of oxidizing chemicals such 

as chromic acid, nitric acid or potassium permanganate.1,2 These treatments, generally 

used on polyethylene (PE), polypropylene (PP) and polyesters, usually lead to the 
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oxidation of the surface forming carboxyl, hydroxyl groups and sulfonates if sulfuric acid 

is also present in the treatment mixture. Overexposure to the chemicals can cause a pitted 

surface and excessive etching can lead to a loss of mechanical properties.3 Although the 

detailed surface modification effects vary strongly with the treatment conditions, this is a 

good method when general increase in wettability and adhesion are required. Other 

methods include introducing different groups on the polymer surface by classical organic 

chemistry, and chemical attachment of polymer chains by graft polymerization or 

grafting.3 Surface treatments based on chemical methods have the advantage of using 

continuous or batch processes which increase throughput time and the solutions can be 

replenished and reused for long periods of time. 

2.2.1.2 Physical methods 

Although chemical pretreatment methods are required in the electro-plating or 

electroless deposition of metals, these methods can sometimes be deleterious when the 

metallized polymers are used for electrical applications. Hence, different physical 

methods have been developed. For example, mechanical abrasion of the polymer using 

different slurries makes the surface rough to improve the adhesion of the metal to the 

polymer, although surface roughness may degrade certain electrical properties. Dry 

methods of surface modification also include plasma treatment, reactive-ion etching 

(RIE), and laser-assisted surface modification and other irradiation methods. These 

methods have the advantages of being non-polluting, ensure a more uniform surface 

treatment compared to wet-chemical methods and give good adhesion properties on 

smooth polymer surfaces.4,5  

Plasma etching primarily occurs due to the chemical interactions of the etchant 

gas with the polymer surface. A perforated metal tunnel prevents ion bombardment on 

the surface. Different surface reactions have been proposed to explain the effect of 

plasma treatment. Poncin-Epaillard et al.6 have discussed the radical formation on the 

polymer surface by electron impact and by interaction with the plasma. Reaction of the 

surface groups with molecules in the air such as oxygen and water can modify the surface 

further. The effect of the plasma treatment is not permanent and a loss of the surface 

functionalization due to reaction or reorientation can occur over time.7 The type of gas 
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used in the plasma and the chemical structure of the polymer substrate also have an effect 

on the surface modification. A distribution of different functional groups is formed using 

different gases. The predominant effect is the increase in the oxygen content on the 

surface when the plasma treated surface is exposed to ambient conditions (Table 2.1).8 

The different gases usually used are O2, N2, NH3, H2O, CO2, air and noble gases.  

 

Table 2.1. Atom % of oxygen determined by XPS for various polymers treated for 15 s, 

10 W, 6.6 Pa pressure with Ar, O2 and Ar/O2 gases. (Reproduced by permission of Taylor 

and Francis Group, LLC., http://www.taylorandfrancis.com from reference [8], Copyright 

2003)  

 

Plasma gas PE PS PET 
Untreated 0 0 28 

Ar 0 0 26 
Ar/1% O2 2 3 30 
Ar/5%O2 5 7 32 

Ar/10%O2 11 13 35 
O2 15 18 38 

 

Another method of surface treatment is RIE, which involves ion bombardment on 

the surface to modify it. The result of these treatments is usually chain-scission of the 

surface polymer chains.9 The effects of plasma and RIE treatments on a liquid crystalline 

polymer surface has been extensively characterized by Ge et al.10 Both the methods 

caused a pitted surface, and the effect was more pronounced when using O2 as the etchant 

gas compared to Ar. X-ray photoelectron spectroscopy (XPS) analyses of the surface 

showed an increase in the amount of oxygen functionalities on the surface, which serve to 

increase the metal adhesion. These treatments also make the surface more hydrophilic.   

Laser-induced surface modification is another method of pretreatment of the 

surface before metallization. The interaction of the UV laser radiation with polymers 

causes the electronic and/or vibrational excitation of chromophoric groups,11 causing a 

significant change in the chemical structure or ablation of material. Other methods of 

surface modification include irradiation using UV or X-rays. Fozza et al.12 have reported 
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that polymers are ablated by vacuum UV and the etch rate depends on the structure of the 

polymer as well as the intensity and spectral distribution of the impinging radiation. 

Dorofeev and Skurat13 have reported a wavelength dependent mechanism of surface 

modification. Lower energy photons (8.4 eV) caused unsaturation in PE by hydrogen 

abstraction while higher energy photons (10 eV) ionize the unsaturation leading to the 

formation of radicals, crosslinking and some hydrogen abstraction. X-rays also have a 

similar effect on polymer surfaces. Pireaux et al.14 studied the effect of X-rays on 

different polymers and reported that it produces ionization, small chain fragmentation and 

crosslinking. 

 

2.2.2 Electroplating 

Electroplating is a method in which a metallic coating is formed from an aqueous 

solution or molten salt by means of an electrochemical reaction. When a metal is 

immersed in an electrolyte solution, under certain conditions a spontaneous dissolution 

takes place whereby the metal forms cations and leaves the anode. The process can be 

described by an equilibrium reaction: 
−+ +⇔ zeMeMe z  

 
When the metal is connected in a circuit this equilibrium is disturbed. When attached to 

an electron source, more electrons will flow into the metal, which in turns attracts more 

cations and leads to electrodeposition. This process, using direct current (DC) is 

represented in Figure 2.1. The cathode onto which the metal is deposited may be a metal, 

semiconductor or non-metallic conductor. During the electroplating of plastics, the plastic 

is first made conducting by depositing a thin layer of metal by an electroless process. The 

cations move to the surface by migration due to a potential gradient, diffusion and 

convection. 
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Figure 2.1. Illustration of the DC electrolysis system. (Reproduced from reference [15] 

Copyright 2004, with permission from Elsevier) 

 

The electrodeposition process requires an electrolyte solution which is usually a 

metal salt of the metal to be deposited, and an acid or alkali to promote conduction. 

Electroplating can be used to deposit a single metal, different metal multilayers or alloys. 

It is well-suited for the deposition of Cu, Ni, and Au. Better control of the deposition 

process using external electrical potential can be achieved and films of thickness between 

1-100 µm can be made. A detailed description of electroplating and related processes can 

be found in a work by Kanani.15 

 

2.2.3 Electroless deposition 

In contrast to the electrodeposition process, electroless deposition does not require 

an external supply of electrons to reduce the metal ions; a reducing agent is used instead. 

A major advantage of this process over electrodeposition is that it can also be used to coat 

non-conducting materials. Figure 2.2 depicts the electroless deposition process. The 

metal ions in the electrolyte are reduced by a reducing agent and are deposited on the 

surface. The deposition is achieved using a bath containing at least the following 

components: a metal salt as the source of the deposited metal, a reducing agent, a 

complexing agent, a pH adjusting agent and a stabilizing agent.  
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Figure 2.2. Principle of electroless deposition (a) oxidation of reductant (b) reduction of 

metal ion leading to formation of the metal layer. (Reproduced from reference [15], 

Copyright 2004, with permission from Elsevier) 

 

Prior to metal deposition, the surface has to be sensitized and activated. This 

process deposits metal nuclei on the surface which act as the growth centers for 

subsequent metal deposition. Typically, acidic stannous compounds are used as 

sensitizers and Pd compounds as activators. The redox reaction between Pd(II) ions in 

solution and the tin ions adsorbed on the substrate leads to the deposition of a thin 

catalytic Pd film on the surface. The deposition of the metal occurs via the following 

reactions, depicted for a Cu-HCHO system. 

eOHHCOOOHHCHO
CueCu

223
2

2

02

++→+

→+
−−

+

 

 
The solution is formulated such that deposition occurs only on the catalyzed surfaces. 

Usually the metal being deposited itself acts as the catalyst and the reaction proceeds 

autocatalytically. The thickness of the deposit increases with time. Apart from the 

materials already mentioned, the complexing agent, the reducing agent and the hydrogen 

ion concentration also play important parts in the deposition process. Complexing agents 

are present to prevent metal hydroxide precipitation in the alkaline media as well as as 

preventing sludge formation from insoluble metal salts. They can also act as a buffering 

agent in acidic solutions. The effectiveness of a reducing agent is normally pH 

dependent. Formaldehyde, which is a good reducing agent in the alkaline range but 

shows no reducing properties in the acidic range, is a good example. So careful thought 
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has to be given to the selection of the complexing and reducing agents and the pH in 

which they are operating.  

 

2.2.4 Physical vapor deposition  

Physical vapor deposition (PVD) technology includes the methods of vacuum 

evaporation and sputtering. Typically a process is carried out under vacuum for several 

reasons, mainly, to reduce the number of molecular collisions and remove atmospheric 

effects. PVD processes consist of three major steps: generation of the depositing species, 

which involves the transition from the condensed phase to the vapor phase, transport of 

the species from the source to the substrate, and film growth on the substrate.  

2.2.4.1 Evaporation 

In evaporation processes, the vapor species are generated by heating the material 

to be evaporated using resistance, induction, electron or laser-beam heating sources.16 

Electron-beam (e-beam) heated sources and resistively heated sources are some of the 

most widely used methods. In resistive heating, the material to be evaporated is placed in 

a tungsten boat and heated with a high electrical current to evaporate the material. The 

rate of evaporation from such sources may vary considerably due to localized conditions 

of temperature variation, wetting, and hot-spots.17 In order to obtain uniform thickness, a 

rate/thickness monitor is usually used. E-beam methods have the advantage of having a 

high power density which provides good control over evaporation rates. An e-beam 

source consists of a cathode and anode under vacuum conditions. Electrons are 

accelerated by the potential difference between the cathode and anode and strike the 

source material causing localized heating and evaporation. The choice of a heating 

method depends on the materials being used which relate to the phase transition 

properties of the material. For example, aluminum is difficult to evaporate by resistive 

heating and other methods have to be used. Evaporation processes can be used to deposit 

a wide variety of materials including single elemental species, alloys and compounds. 

2.2.4.2 Sputtering 

Evaporation was the dominant method of metal deposition under vacuum until the 

invention of DC magnetron sputtering in 1971. This process involves the bombardment 
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of highly accelerated species on a target leading to the ejection of metal atoms, which are 

then deposited on the substrate. Ionized inert gas atoms, such as Ar or mixtures of Ar 

with other gases are commonly used as the bombarding species. The sputtering yield, or 

atoms ejected per incident ion depends on the metal and varies with ion energy, angle of 

incidence and the mass of the ion.18,19 The thickness of the films obtained range from a 

few nanometers to a few microns.  This process occurs at much lower temperatures than 

evaporation and at higher pressures (10-4-10-7 Torr compared to 10-5-10-10 Torr for 

evaporation). This is especially advantageous when coating plastics as this prevents 

warpage of the plastic at high temperatures. Another major advantage of sputtering over 

evaporation is that substrates can be coated in all directions. Coating adhesion is also 

better as the particles hitting the substrate have higher energies. However, the rate of 

deposition is slower than evaporation. Figure 2.3 shows the comparative rates of 

deposition using evaporation and sputtering. 
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Figure 2.3. Relative rates of deposition using evaporation and sputtering. (Adapted from 

reference [19], permission granted by the American Insitute of Chemists, 2005) 

 

Apart from the above widely used techniques, other techniques such as ion-beam 

assisted deposition of metals are also used. Metallic coatings are bombarded with high 

energy ions either during the deposition process or sequentially. This leads to a number 
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of effects which enhance the performance of the coating. Adhesion is greatly improved,20 

low energy ions cause densification of the metal and surface and morphology of the 

coatings can be controlled.21 

 

2.2.5 Chemical vapor deposition 

Chemical vapor deposition (CVD) is a process in which gaseous reactants react to 

form a solid product on the substrate surface. The process involves the following steps 

(Figure 2.4):22  

a) Generation and transport of the active gaseous species into the reaction chamber 

b) Formation of intermediate species by the reaction of the gaseous reactants 

c) Reaction at the substrate surface forming the coating and by-products 

d) Transport of the unreacted reactants and by-products away from the reaction 

chamber 

 
Figure 2.4. Schematic illustration of the CVD steps during deposition. (Adapted from 

reference [22], Copyright 2003, with permission from Elsevier) 

 

The common precursors used are metal halides, nitrides, hydrides and 

metallorganics. Metallorganics have the advantage of lower reaction and deposition 

temperatures compared to halides and are less toxic. The chemical precursors are chosen 

such that they are stable at room temperature, have a low vaporization temperature and 

high saturation vapor pressure, undergo decomposition/chemical reaction at temperatures 

below the melting temperature of the substrate, are not toxic and are easy to handle. The 
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properties and morphology of the coatings are affected by the nucleation and growth 

kinetics, which are influenced by the deposition temperature and concentration of the 

reacting species.  

Conventional CVD uses thermal energy to activate the chemical reactions. Other 

variants include plasma enhanced CVD (PECVD), which uses plasma as the activation 

source, photo-assisted CVD (PACVD), which uses light and metallorganic CVD 

(MOCVD), which uses metal-organics as precursor. CVD has the advantage of producing 

highly dense, pure films on substrates. In contrast to the physical deposition processes, 

CVD can be used to coat complex shapes with good conformal coverage. However, a 

disadvantage is the use of toxic, corrosive, inflammable chemicals, which pose a safety 

and environmental hazard. 

 

2.3 Adhesion 

The issue of adhesion is an important aspect of the metallization of polymeric 

substrates. However, it is difficult to elucidate the actual mechanism of the bonding as it 

is very complex and is influenced by several factors. Wettability of the surface is an 

important factor for adhesion, though not a sufficient criterion in itself. Metals which 

readily form oxides have high adhesion to glass or silicon surfaces which are hydrophilic, 

whereas noble metals such as Au and Ag are poorly adherent. Adhesion of metal to 

polymer is due to chemical bonding or mechanical anchoring.23-26 Hence, it is important 

to pretreat the polymer surface to increase adhesion, the different methods of which have 

already been discussed previously.  

Mechanical abrasion of the surface causes roughening and leads to the 

interlocking of the metal particles, which improves adhesion. More important are the 

chemical bonding mechanisms. Surface treatments such as chemical etching, plasma, UV 

or X-ray irradiation methods create species on the surface that can bond chemically to the 

metal. On polymers that do not have oxygen or nitrogen functionalities, little or no 

interaction is observed.27-29 Highly reactive metals such as Al, Ti, Cr etc. can interact 

strongly with the oxygen group in the polymer. For moderately reactive metals such as 

Cu and Ag, the interaction is dependent on the polymer and unreactive metals such as Au 

show no interaction.8 X-ray photoelectron spectroscopy (XPS) studies have shown that 
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there is a chemical interaction between plasma treated surfaces and metals.30 Other 

studies have shown that increasing mixing (mechanical interlocking) between the 

polymer and metal at the interface can also increase adhesion.31  

A number of different techniques are used to investigate the adhesion mechanisms 

of a metal to polymer. XPS is probably the most widely used technique to study the 

composition of surfaces. Other surface techniques include secondary ion mass 

spectroscopy (SIMS), Auger electron spectroscopy (AES) and ion scattering 

spectroscopy (ISS). These methods can reveal the chemical nature of the surface which 

can then be used to understand the different interactions. Another technique that can be 

used is attenuated total reflectance – infrared spectroscopy (ATR-IR), although it is not as 

widely used to study surfaces as the others are.  

The common methods of measuring adhesion of thin films include, tape test (peel 

test), scratch tests and pull-off tests.32 In the simplest form, the tape test consists of 

applying an adhesive tape to the thin film and peeling off. If no material is removed, the 

film passes the test. A more quantitative method is to use a tensile tester to measure the 

force required to peel the film off the substrate. The tape can be pulled off at an angle of 

90° or 180°. The scratch test involves the use of a stylus with some weight that pulls it 

across the film. The weight required to scratch through the film is a measure of adhesion. 

In the pull-off test, a load fixture is attached to the film by an adhesive and the force 

required in pulling the fixture off gives the tensile strength. Fracture occurs along the 

weakest plane and can be identified by analyzing the surfaces. Schematic illustrations of 

the tests are given in Figure 2.5. Although these tests give some idea about the adhesion, 

they suffer from a few drawbacks. The peel test is affected by many variables such as 

thickness and elasticity of the tape, film and substrate, rate of pulling of the tape and is 

limited to films that have a weak or moderate adhesion. The scratch test is affected by the 

size of the stylus and the elastic properties of the films and substrate.  
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Figure 2.5. Schematic illustration of adhesion tests (a) Pull test (b) Peel test (c) Scratch 

test. 

2.4 Metal Colloids 

Newer methods of fabricating conductive metal films utilize colloidal forms of 

the metal instead of the bulk metal. The properties of these colloids differ considerably 

from the bulk material giving rise to many new applications. One of the big advantages of 

using metal colloids to fabricate films is that the properties of the film can be controlled 

easily even on the nanometer scale. This is of great importance as these films have been 

used in several new applications such as substrates for surface plasmon resonance, redox 

and catalytic centers and biological applications, just to name a few. Such applications 

were not possible using existing technologies for metal deposition. These applications 

stem from the fact that metal colloids can be synthesized in a variety of shapes and sizes, 

giving rise to different properties. The use of stabilizing ligands in solution provides 

another parameter to control the properties. With the advent of smaller and smaller 

devices, now on the nanometer scale, the ability to tune properties on the nanometer and 

lower scales is crucial. In the next few pages, different methods of synthesis, properties 

and assembly of metal colloids will be discussed.  

 

2.4.1 Synthesis 

The most common method of synthesis of metal colloids consists of dissolving 

the metal salt in an appropriate solvent and reducing it to the zero-valent state. The atoms 

tend to coalesce quickly in solution as their lifetime is short. The most crucial step in the 

synthesis is to stop the aggregation at the right moment to prevent coagulation and 
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formation of bulk metal. Stabilization of colloids in solution is achieved by electrostatic 

or steric methods.33 In the formation of gold sols by the reduction of [AuCl4]– by citrate, 

the Au particles are surrounded by an electric double layer formed by the adsorbed citrate 

and chloride ions and the corresponding cations (Figure 2.6(a)). This results in an 

electrostatic repulsion between particles leading to their stabilization in solution. This 

stabilization can be disturbed by changing the ionic strength of the dispersing medium. If 

the surface charge is displaced by adsorption of strongly binding neutral species, the 

particles can coagulate. As an example, gold sols made by the citrate method can be 

coagulated by adding pyridine.34 Development of charge on inorganic particles dispersed 

in organic media such as solvents and polymeric solutions, where electrostatic forces are 

not very important, has also been demonstrated.35 

 
Figure 2.6. Schematic illustration of the stabilization of colloids (a) electrostatic 

stabilization in citrate reduced Au (b) steric forces using ligand molecules. 

 

The second method by which colloidal particles are stabilized is by the adsorption 

of molecules such as ligands, surfactants or polymers on the particle surface that can bind 

to the particle as well as be solvated by the dispersion medium (Figure 2.6(b)). Small 

molecules as alkyl thiols36 and sulfonated triphenylphosphine37 are used as stabilizing 

ligands. Polymers are another class of organic molecules used. Prior to the advent of 

synthetic polymer chemistry, natural polymers such as agar and gelatin were often used. 

In recent times polymers such as cellulose nitrate38 and cyclodextrins39 are used. Other 

polymers include vinyl polymers with polar side groups such as poly(vinyl pyrrolidone) 

(PVP) and poly(vinyl alcohol) (PVA) and polyelectrolytes such as poly(diallyl dimethyl 

ammonium chloride) (PDDA).40-42 Other stabilizing molecules include surfactants, 

organometallics and solvents such as THF and propylene carbonate43  
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2.4.1.1 Salt Reduction 

The generation of metal colloids by reduction of the appropriate salt is the most 

widely used method of synthesis. The main advantage of this method is that it is 

reproducible and it can be used in the preparation of colloidal particles in the multigram 

scale with a narrow size distribution. The first report of synthesis of the Au sols using this 

method was reported by Faraday in 1857.44 The methods established by Turkevich45,46 

became the first reproducible standards for the formation of metal colloids. He also 

proposed a mechanism for the formation based on nucleation, growth and agglomeration. 

This is schematically shown in Figure 2.7. After the reduction of the metal salt to the 

metal atom, these collide in solution with other metal ions, atoms or clusters forming a 

“seed” of the stable metal nuclei. The size of the “seed” nuclei is dependent on the metal-

metal bond strength and the difference of the redox potentials between the metal salt and 

the reducing agent. In aqueous systems the reducing agent must be added or generated in-

situ, whereas in non-aqueous systems the solvent and the reducing agent can be the same. 

Solvents that are easily oxidized, such as alcohols, can function both as the reducing 

agents as well as the dispersing medium. A general process developed by Hirai and 

Toshima40,41 used alcohols that contained α-hydrogen, which was oxidized to the 

corresponding carbonyl compound. These colloidal particles were often stabilized by 

polymers such as PVA and PVP.  
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Figure 2.7. Mechanism of formation of metal colloids via the salt reduction method. 

(Reproduced from reference [43], Copyright 2001, with permission from Elsevier) 

 

Citrate is a widely used reducing agent and has been extensively used in the 

synthesis of gold colloids. Formation of other metal sols such as platinum can also be 

affected by citrate reduction.47 Reduction of chloroplatinic acid by a variety of reducing 

agents such as sodium borohydride, formaldehyde and hydroxylamine hydrochloride, 

among others, can also be used to synthesize platinum colloids. Sodium borohydride was 

used by Brust et al.48 to reduce gold in the presence of alkanethiols. Variations in thiol 

concentration lead to good size control.49 Hydrogen has also been used effectively as a 

reducing agent for metal salts in electrolytically stabilized metal sol syntheses. 

2.4.1.2 Decomposition of transition metal complexes 

Low valent organometallic compounds of transition metals decompose under the 

action of heat or light to give short-lived “seed” particles of metal in solution, which can 

be stabilized by protecting ligands. Metal salts can be reduced by the photolysis of 

photolabile metal complexes and the radiolytic production of reducing agents such as 

solvated electrons and free radicals. The radiolysis of aqueous solutions of metal ions 
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produces solvated electrons which react with other metal ions or with other solutes to 

produce secondary radicals which then reduce the metal ion. Using this method, colloidal 

copper can be synthesized by the irradiation of solutions of Cu(ClO4)2 containing 

HCOONa.50 UV irradiation of gold or silver salts in surfactant or polymer solutions can 

also lead to colloid formation.51,52 An advantage of radiolysis is that a large number of 

nuclei are formed homogeneously and instantaneously, which is favorable for the 

formation of highly dispersed particles.  

2.4.1.3 Control of particle size and shape 

Control of the size and shape of nanoparticles is an important aspect of the 

synthesis. There are two methods by which this is achieved: size selective synthesis and 

size selective separation. The size selective separation technique involves the separation 

of different sized particles from a polydisperse colloid solution via precipitation or ultra-

centifuge separation. Pileni53 reported the precipitation of monodisperse silver particles 

(2.3 nm) from a polydisperse solution in hexane by repeated addition of pyridine. Pt 

colloids were separated into different sizes using an ultra-centrifuge by Colfen.54  

One of the most common methods of size selective synthesis is the use of micelles 

in the synthesis. Micelles are formed by molecules that have two distinct parts: a polar 

head group and a non-polar tail. The size of the two parts determines the type and size of 

the micellar structure. Normal micelles are formed in an aqueous medium where the inner 

core is comprised of the hydrophobic tail and enclose an oil droplet while the hydrophilic 

head groups are oriented towards the aqueous side. The opposite arrangement is termed 

reverse micelles and is a water-in-oil droplet system. The structures are shown 

schematically in Figure 2.8. Reverse micellar systems are good candidates for templates 

for spherical nanoparticle synthesis. The size of the reverse micelle increases linearly 

with the water content, for example, it can be changed from 4 nm to 18 nm for sodium 

bis(2-ethylhexyl) sulfosuccinate (Na(AOT)) surfactant, by changing the the water 

content. When two reverse micelles meet, they exchange their water contents and 

reorganize into two distinct micelles. This allows the reaction of different species for 

nanoparticle formation. Different types of nanoparticles such as semiconductor particles 

(CdS, CdTe) and metal particles (Ag, Cu) 55 of various sizes can be synthesized using this 
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method. Using the salt-reduction method for nanoparticle generation, the size of the 

particles is usually controlled by different factors such as concentration of the salts and 

reductant, temperature, and time of reaction. In the synthesis of gold nanoparticles via 

citrate reduction, changing the molar ratios of the salt and citrate gives spherical particles 

of different sizes (Table 2.2).56 

 

 
Figure 2.8. Schematic illustration of an oil-in-water (normal) micelle and water-in-oil 

(reverse) micelle. 

 

 

Table 2.2. Size of monodisperse spherical Au colloids formed by changing the molar 

ratio of citrate to gold salt. (Reproduced with permission from Macmillan Publishers Ltd 

from reference [56], Copyright 1973) 

Amount of 1 wt% 
Sodium citrate (ml)

Diameter of Au 
(nm) 

Color 

1 16 Orange 

0.75 24.5 Red 

0.5 41 Red 

0.3 71.5 Dark violet* 

0.21 97.5 Violet* 

0.16 147 Violet* 

* With a yellow Tyndall effect of the scattered light. 
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Shape control of nanoparticles is not very easy and most of the particles that are 

formed are mainly spherical, though some nanorods and nanocubes have also been 

synthesized. Micellar templates are utilized for shape control also, apart from size 

control. Cylindrical micelles formed using the Cu(AOT)2-isooctane-water system have 

been used to form cylindrical Cu colloids.57 The type of salt added to the system also 

changes the shape of the particle. Addition of NaCl to the Cu(AOT)2-isooctane-water 

system, causes long cylindrical particles and the aspect ratio varies as a function of the 

salt concentration.58 When the Cl– is replaced by Br–, nanocubes are formed. This control 

of nanocrystal morphology is explained by the selective adsorption of ions on facets 

during crystal growth. Silver nanocubes were grown by the reduction of AgBr in the 

presence of ethylene glycol and PVP (Figure 2.9).59  

 
Figure 2.9. Silver nanocubes grown by the polyol process. (Reproduced with permission 

from reference [59], Copyright 2002, AAAS) 

 

2.4.2 Properties 

As the size of the metal nanoparticle goes down, the properties start to differ from 

that of the bulk material. This is because quantum effects, which are negligible in bulk 

materials start playing an important role as the dimension of the material approaches that 

of the de Broglie wavelength of the electron. At such dimensions, the density of states of 

the electron is discrete, instead of continuous as in larger dimensions, resulting in 

quantum effects.  The melting temperatures of nanoparticles are much lower than their 

bulk counterparts. Experimental and theoretical studies have reported that the melting 

temperature of 2-nm Au particle is around 325 °C and this increases with the increase in 

particle diameter with melting temperatures approaching that of the bulk with particles 

greater than 6 nm (Figure 2.10).60 At smaller sizes, the properties of the material are 

influenced by quantum size effects. The bulk density of states is replaced by discrete 
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quantized levels. The single electron tunneling process is an example of this effect. In 

bulk material, the electron conduction process is due to the motion of a large number of 

electrons over the entire volume of the material, which averages so that the motion is 

continuous. However, in the case of an individual metal nanoparticle, where there are an 

integral number of electrons, the change in the number of electrons is also integral. In 

such systems the transfer process occurs by tunneling, where the electron is transferred 

from one conductor to the other, which are separated by an insulating barrier at the 

application of a voltage. This is shown schematically in Figure 2.11. 

 

Figure 2.10. Experimental and theoretical values (solid line) of the melting point of Au 

particles. (Reproduced with permission from reference [60], Copyright 1976, American 

Physical Society) 

 

Figure 2.11. Conduction mechanism in a metallic conductor (top) and in a nanoparticle 

(via tunneling), placed between two electrodes. 

 

Using this principle, various single-electron devices have been demonstrated. A 

double barrier single electron transistor (SET) using scanning tunneling microscopy 

(STM) tip on a 4-nm Au particle on ZrO2 (insulating barrier) on an Au substrate was 
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demonstrated by Anselmetti et al.61 Ligand-stabilized nanoparticles can function well in 

SET devices, as the insulating barrier is provided by the organic stabilizing molecule. 

Sato et al.62 used 10-nm Au nanoparticles bridged by 1,6-hexanedithiol (HD) molecules 

between the metal electrodes to fabricate such a device. The Au was deposited on a 

silicon substrate using alkylsilane as an adhesion promoter. Two immersions in Au 

solution with an immersion in HD in between, created a chain of HD-bridged Au 

particles between the electrodes. Metal nanoparticles also show the Coulomb blockade 

effect, which occurs due to the charging of the particle by the tunneling current at the 

application of voltage. Figure 2.12 shows this effect on a single Pt nanoparticle between 

Pt electrodes.63 This effect is pronounced at lower temperatures and is smeared out at 

room temperature. 

 
Figure 2.12. Coulomb effect in a Pt nanoparticle between electrodes, visible at 4.2 K. 

This effect is smeared out at 295 K. The squares are the experimental data and the lines 

are theoretical fits. (Reproduced with permission from reference [63], Copyright 1997, 

American Institute of Physics) 

 

Apart from the electrical properties, the optical properties of the nanoparticles are 

also different from the bulk. The optical properties of noble metal nanoparticles arise 

from the collective resonance of the surface plasmons. Spherical Au particles show a red-

shift in the absorption spectra with an increase in size of the particle. Hanarp et al.64 

studied the optical properties of gold disks with varying diameters. They observed that 

there is a red-shift in the spectra and increased peak area with increasing diameter, at a 

fixed height. Similar results have been obtained by Gotschy et al.65 using Ag nanoparticle 
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islands of different shapes assembled on ITO-coated glass substrate. The absorption 

spectra of Au nanorods show two distinct peaks: a dominant peak at longer wavelengths 

due to longitudinal resonance and a weaker transverse resonance at shorter 

wavelengths.66 The peaks become more distinct and the longitudinal bands are red-shifted 

with increasing aspect ratio, while the transverse resonance peaks remain relatively 

unchanged (Figure 2.13). 

 
Figure 2.13. Aspect ratio dependent absorption spectra of gold nanorods. (A-C) 

Absorption spectra of suspended gold nanorods solutions with increasing mean aspect 

ratios. (D-F) Distributions of aspect ratios analyzed from the corresponding TEM 

micrographs. (Reproduced with permission from reference [66], Copyright 1997, 

American Chemical Society) 
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2.5 Assembly of metal colloids on surfaces 

The bottom-up approach to the fabrication of nanostructures is a theme that is 

gaining rapid significance. This method takes advantage of the inherent order-inducing 

factors in a system in contrast to the top-down approach where material is first laid down 

randomly and order imposed by external forces. The biggest advantage of this approach 

is the ability to manipulate materials at the molecular level. Other advantages include 

control of properties at the nanometer level and three-dimensional assembly on a variety 

of planar and curved surfaces. The fabrication of nanostructures via this approach 

requires well-characterized, stable building blocks. Tailorability via chemical or other 

means is another important criterion. Metal nanoparticles possess all these attributes and 

are well-suited for the fabrication of nanostructures via this approach. All the approaches 

discussed here are from colloidal solutions of the metal, where assembly occurs simply 

by immersion in the colloid solution. 

 

2.5.1 Covalent attachment to modified surfaces 

2.5.1.1 Unmodified colloidal particles 

The first report of assembly of nanoparticles on modified substrates was by Alivisatos 

and co-workers.67 They assembled CdS nanoparticles on Au surfaces using dithiol 

molecules. One end of the molecule attaches to the surface and the other thiol attaches to 

the particle (Figure 2.14). Carboxylic acid functionalized CdS was also attached to Al 

surfaces, where the –COOH groups attached to the Al surface. Since this report, various 

groups have developed different methods to assemble nanoparticles. The discussion here 

is primarily based on Au and Ag nanoparticles.  
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Figure 2.14. Schematic illustrating the assembly of CdS nanocrystals on metal surfaces 

(A) Attached to Au via 1, 6-hexanedithiol (B) Carboxyl-coated CdS bound to Al surface. 

(Reproduced in part with permission from reference [67], Copyright 1993, American 

Chemical Society) 

 

Sastry and co-workers have mainly used aromatic thiol molecules on surfaces 

such as Au and Al to attach Ag nanoparticles. The attachment of Ag to the surface occurs 

via the strong interaction with thiol groups. When 4-carboxythiophenol (4-CTP) was used 

as the linker on Al surfaces, the –COOH groups attached to the Al surface leaving the 

thiol groups free to attach to the Ag particle.68 However, when this self-assembled 

monolayer (SAM) was used on Au surfaces, the attachment to the surface occurred via 

the thiol groups, rendering the surface rich in carboxylate groups. In this case, there was 

no nanoparticle attachment to the surface. Using 4-aminothiophenol (4-ATP) as the SAM 

on Au surfaces, Ag particles could be attached.69  The free amine groups on the surface 

can bind to the Ag particles both via covalent and electrostatic interactions. Immersion in 

a solution of carboxylic acid functionalized Ag nanoparticles at a pH where the amine 

and acid are ionized causes attachment by electrostatic interaction. Another approach of 

forming nanoparticle thin films is by ion-exchange.70 Pb2+ and Cd2+ ions were selectively 

exchanged on carboxylic acid terminated SAMs on Au at higher pH when the acid was 

completely ionized. This approach was developed further to attach Ag+ ions to 4-CTP on 

Au surfaces and reduce it using hydrazine to form Ag films.71 

Surfaces modified with functionalized silanes have been used by Natan and co-

workers to attach Au and Ag particles to silicon and glass surfaces.72 The silanes react 
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with the hydroxyl groups on the substrate surface in the presence of moisture to form 

covalent siloxane linkages. The other end of the silanes consists of functional groups such 

as –NH2, –SH, and –CN, which have affinity for Au and Ag (Figure 2.15). The optical 

properties of such self-assembled Au particles show a marked dependence on the 

interparticle spacing and the type of silane used for attachment.73 With increased number 

of particles, there is an increase in the aggregation and coupling of the surface plasmons 

leading to a red-shift and broadening of the UV-vis spectra. These substrates show 

enhanced surface-enhanced Raman scattering (SERS) and have been utilized for such 

applications. Biocompatible surfaces can also be prepared using Au-streptavidin 

attachment to biotinylated surfaces.  

 
 

Figure 2.15. Schematic illustration of the attachment of Au via silanes. 

 

Kinetic studies of the adsorption process indicate a t1/2 (t=time) dependence of the 

particle coverage and absorption at shorter times and random attachment of the particles 

(Figure 2.16).74 At longer times saturation is reached for both. At early times the 

attachment is diffusion-limited, while at longer times it is controlled by the interparticle 

repulsion. Increased coverage of Au colloids on surfaces can be achieved by a seeding 

approach.75,76 This involves the reduction of Au+3  using hydroxylamine hydrochloride. 

The Au monolayer covered substrate is immersed in this reducing solution, which leads 

to the reduction of Au onto the attached particles. This leads to increased surface 

coverage (Figure 2.17). After 5-10 min of immersion, the electrical and optical properties 

closely resemble that of evaporated Au film of the same thickness. Using this method Au 

films of very low resistivity (~ 1 × 10-5 Ω•cm) have been prepared.  
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Figure 2.16. Absorbance at λmax versus immersion time alternate for 3-

aminopropyltrimethoxysilane (APS)-coated glass, coated with alternate layers of Au and 

sodium citrate, PVP, trans-1,2-bis(4-pyridyl)ethylene (BPE) and mercaptoethanol 

(HOCH2CH2SH) . The solid line is the nonlinear least-squares best fit to the first 7 data 

points for HOCH2CH2SH, BPE, and PVP and the first 5 data points for citrate. 

(Reproduced with permission from reference [74], Copyright 1996, American Chemical 

Society) 

 

 

Figure 2.17. FE-SEM images of Au3+/NH2OH-enlarged Au colloid monolayers on APS 

coated glass after shaking in an orbital shaker at 120 rpm in a solution of 0.01% 

HAuCl4/0.4 mM NH2OH for (A) 3 m (B) 17 m. (Reproduced in part with permission 

from reference [76], Copyright 2000, American Chemical Society) 
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Doron et al.77 have deposited Au particles of sizes ranging from 25-120 nm on 

mercapto- and amino- propyltrimethoxysilane modified ITO glass surfaces. They report 

that the surface coverage on the amine modified surface is better than that on the thiols. 

The attached particles were amenable to further modification and were used as redox-

active centers. All the above assembly was based on aqueous colloidal suspensions. 

Using this approach, particles can also be assembled from non-aqueous colloidal Au 

solutions as shown by Tian et al.78 These examples show the number of useful materials 

obtained from nanoparticle assembly strategies. The transparent SERS active surfaces 

prepared by these methods allow the use of UV-vis spectroscopy which was difficult on 

traditional Raman substrates. The high tunability of the surfaces along with 

biocompatibility and high stability make them attractive for a wide variety of 

applications.   

2.5.1.2 Surface derivatized colloidal particles 

Colloidal particles can be stabilized in solution either by electrostatic repulsion or 

by the use of stabilizing molecules, as discussed previously. The first report of thiol-

stabilized Au colloids was made by Giersig and Mulvaney in 1993.36 The Au hydrosol 

particles were capped with alkanethiols to render them soluble in organic solvents. 

Another method for preparing larger amounts of colloids was reported by Brust et al.48 

This involves the phase transfer of an anionic Au(III) complex from the aqueous to the 

organic phase and subsequent reduction by sodium borohydride in the presence of 

alkanethiol, forming particles 1-3.5 nm in size. The stability of the purified solid particle 

is a function of the length of the stabilizing molecules, with the longer molecules giving 

more stable solids. Others have reported the use of aromatic thiols,79,80 alkylamines81 and 

terminally functionalized molecules82,83 as stabilizing agents. Murray and co-workers 

have developed methods for making monolayer protected clusters (MPCs) of Au 

particles.49,83 Manipulating the preparative reaction conditions can change the dimensions 

of the clusters. 

The assembly of these capped nanoparticles is achieved in a number of different 

ways. Murray and co-workers have described the assembly of Au MPCs on glass 

surfaces.84 The first step is the modification of the surface using functionalized silanes. 
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Following that, two methods were described. The first involves the attachment of Cu2+ 

ions to the surface followed by attachment of the MPC from solution. The other involves 

direct attachment of the MPC to the modified surface by place-exchange reaction 

followed by the Cu2+ attachment. Repetition of the latter steps leads to multilayer 

formation. These multilayers can be heated at 300 °C for a short time to get a continuous, 

shiny gold film.  This is schematically depicted in Figure 2.18. Electrophoretic deposition 

of alkanethiol stabilized Au particles was reported by Giersig and Mulvaney.36 The 

interparticle spacing was determined by the length of the thiol molecules which remain 

strongly attached to the Au particle after deposition also. Other methods involve 

attachment and multilayer formation using a layer-by-layer assembly, which will be 

discussed later. 

 
Figure 2.18. Schematic illustrating the assembly of mixed hexanethiolate/ -

mercaptoundecanoic acid monolayers (C6/C10COOH) coated Au MPC and subsequent 

thermolysis to form a gold film. (Reproduced with permission from reference [84], 

Copyright  2001, American Chemical Society) 
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2.5.2 Secondary interactions 

Apart from the covalent attachment of particles, secondary interactions such as 

electrostatic, hydrophilic, or hydrophobic interactions can also be used for the assembly. 

Assembly of colloids by electrostatic interactions is also a widely used method for 

fabricating nanoparticle thin films. Amine-terminated starburst dendrimers have been 

attached to glass and silicon surfaces via hydrophilic interactions. Negatively charged Au 

and Ag ions were attached to the protonated amines via electrostatic interactions.85 The 

optical properties, measured by UV-vis spectroscopy are similar to films obtained by 

covalent bonding and can be tuned by controlling the concentration of colloids in solution 

and the immersion time. Electrophoretic deposition of citrate- stabilized Au colloids has 

been reported by Giersig and Mulvaney.86 The deposition is fast and monolayers are 

formed in 3-4 min. Longer deposition times or increased potentials lead to multilayer 

formation. Dodecanedithiol-capped Au particles have been assembled on C12 thiol coated 

Au surfaces via hydrophobic interaction of the methylene chains.87 Although the clusters 

retained their redox capability, there was a marked non-linearity in the current-voltage 

behavior of these films.  

 

2.5.3 Layer-by-layer assembly (LBL) 

All the above discussed methods of assembly are mainly restricted to two-

dimensional assemblies. Fabrication of functional nanostructures requires the ability to 

control structure in three dimensions. This can be achieved by building multilayers in the 

plane perpendicular to the adsorption of particles. There are two main techniques for 

achieving this: self-assembly using electrostatic interactions and assembly using 

covalently bound linker molecules. 

2.5.3.1 Electrostatic Self-Assembly (ESA) 

Self-assembled films based on covalent or coordination chemistry are restricted to 

certain classes of organics, and high quality multilayer films cannot be reliably obtained.  

These problems are most likely caused by the high steric demand of covalent chemistry 

and the severely limited number of reactions with exactly 100% yield, which is a 

prerequisite for the preservation of functional group density in each layer. The 
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electrostatic force between oppositely charged molecules is a good driving force for 

multilayer build-up, because it has the least steric demand of all chemical bonds.  The 

first report of assembly of inorganic colloidal particles driven by electrostatics was by 

Iler.88 Later on, Decher and coworker contributed extensively in this area.89  The process 

involves dipping a charged substrate alternately into solutions of an anionic charged 

species and a cationic charged species.  Figure 2.19 depicts the process for the case of 

polycation-negative colloid deposition on a negatively charged surface.  

 
 

Figure 2.19. Illustration of the electrostatic self-assembly process for a positively 

charged polyelectrolyte and negatively charged colloid on a negatively charged surface. 

 

Strong electrostatic attraction exists between a charged surface and an oppositely 

charged molecule in solution. This phenomenon has long been known to be a factor in the 

adsorption of small organics and polyelectrolytes, but it has rarely been studied with 

respect to the molecular details of formation. The adsorption of molecules carrying a 

number of equal charges allows for charge reversal on the surface, which leads to: a) 

repulsion of similarly-charged molecules and thus self-regulation of the adsorption and 

restriction to a single layer and b) the ability of an oppositely charged molecule to be 

adsorbed in a second step on top of the first one. Cyclic repetition of both adsorption 

steps leads to the formation of multilayer structures. 
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Many studies have reported the formation of polyelectrolyte multilayers by ESA. 

Alternating layers of positively charged Au and negatively charged Ag particles were 

fabricated by Kumar et al.90 Anionic nanoparticles such as SiO2 and TiO2 can be easily 

assembled using a linear polycation such as PDDA, whereas cationic CeO2 can be 

assembled using the polyanion poly(styrene sulfonate) (PSS).91 Liu et al.92 fabricated Au 

multilayer films with good conductive properties by the alternate adsorption of PDDA-

coated Au particles and a negative polyelectrolyte PS-119. Negatively charged Au 

particles were adsorbed on mica, glass or silicon surfaces by first adsorbing a positively 

charged polymer such as poly(allylamine hydrochloride) (PAH) or poly(ethylene imine) 

(PEI).93 This first step was necessary for charge reversal on the surface, as all these 

surfaces are inherently negatively charged. Others have used PDDA as the first layer and 

subsequently formed conductive Au films using the seeding approach.94 The use of 

polyelectrolytes rather than small molecules is advantageous because good adhesion of a 

layer to the underlying substrate or film requires a certain number of ionic bonds.  

Polymers can simple bridge over the underlying defects and therefore, the over 

compensation of the surface charge by the incoming layer is more a property of the 

polymer than a property of the surface.  The linear increase in thickness with the number 

of deposited layers is often similar even if different substrates are used, which makes the 

film properties rather independent of the substrate.   

2.5.3.2 Assembly using linker molecules 

Bifunctional linker molecules can be used for the layer-by-layer assembly of 

colloids. The functional groups on the linker molecules are chosen such that they have an 

affinity for the substrate surface and the colloid. One end can bind to the colloid or 

substrate leaving the other end free for adsorption of more colloids. Schiffrin and co-

workers have used this strategy to covalently link colloids.95 Alkanedithiols were used to 

bridge the particles together such as shown in Figure 2.20. Au particles were synthesized 

by a NaBH4 reduction of a gold salt in a two phase liquid-liquid system. Addition of 

dithiols directly to the water-ether system resulted in the immediate precipitation of 

dithiol-linked Au particles 2.2 nm in diameter. Use of a water-toluene system resulted in 

the formation of stable 8-nm particles that precipitated when dithiols were added. These 
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precipitates were dried and can be handled as any other compound. They showed 

electronic conductivity that was dependent on the linker molecule used. 

 
 

Figure 2.20. Schematic illustrating the attachment of colloidal particles using a 

bifunctional linker molecule. 

 

Following this report, a similar strategy was used to assemble Au nanoparticles on 

surfaces.96 This involved the attachment of Au particles to thiol functionalized glass and 

subsequent alternate immersions in dithiol molecules and Au colloidal solution (Figure 

2.21). Conductivity measurements showed a dependence on the length of the linker 

molecule used, with the smallest molecules having the highest conductivity. Natan and 

co-workers have further developed this method, with particular emphasis on the optical 

and electron transport properties, to form multilayers of Au and Ag particles.97,98 The 

lowest resistivities obtained using 2-mercaptoethanol as the linker molecule were about 5 

× 10-5 Ω•cm. The resistivity decreases with the increase in the number of layers deposited 

and at a certain point there is an insulator-conductor transition.  

 
Figure 2.21. Schematic illustrating the layer-by-layer assembly of colloids using linker 

molecules. (Reproduced with permission from reference [98], Copyright 2000, American 

Chemical Society) 
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Dodecylamine-stabilized Au particles were also assembled using this 

approach.99,100 The dodecylamine molecules undergo exchange reactions with the linker 

molecules allowing the formation of multilayers. The linker molecules used were 

alkanedithiols with different chain lengths (C6, C9, C12, C16) or dendrimers. Such films 

were studied for their vapor-sensing properties because the resistance of the material was 

observed to change when exposed to different vapors. Rao and co-workers have 

demonstrated the LBL assembly of colloidal Pt and CdS particles on Au substrates using 

the covalent linkage of 1, 10-decanedithiol.101 Tseng et al.102 employed mercaptosilanes, 

that were used previously as linker molecules only, for functionalizing surfaces. In this 

case the thiol molecules attached to the Au leaving the siloxane groups free. These then 

reacted with silane groups in the linker to form a siloxane linkage, leaving the thiol 

groups free for attachment of more Au. 

 

2.5.4 Evaporation induced assembly 

A simple method to achieve two-dimensional assembly of nanoparticles is by 

drop-casting or solvent-casting the colloidal solution. This process is facilitated in the 

organic-based colloidal solutions. Such formation occurs in practical applications such as 

drying of paints and coatings. The formation of ordered hexagonal or square packing of 

microspheres has been reported by Deckman et al.103 Ordering of microspheres starts 

when the thickness of the film reaches the diameter of the particles.104,105 The particles in 

the thinnest part of the film, which is usually the center, start forming close-packed  

clusters and rings. Following this, the particles in the thicker surrounding meniscus begin 

moving toward the clusters merging and expanding outward. The rate of evaporation and 

the shape of the meniscus also affect the crystallization pattern. Slower evaporation and 

thicker menisci lead to the formation of ordered multilayers, while faster evaporation 

leads to the growth of hexagonal monolayers. However, simple drying of particle 

suspensions spread over surfaces cannot be used to obtain continuous coatings as the 

particles tend to aggregate at the droplet periphery.104  

Three-dimensional assemblies can be formed by different methods. Successive 

deposition of multilayers can be achieved by evaporation of suspensions on the 

assemblies already formed. Sedimentation of particles at the bottom of a vessel or the 
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drying of thick concentrated suspensions can form ordered 3-D arrays. An example is the 

crystallization of CdSe nanoparticles from a drying film.106 Prevo et al.107 have described 

a convective assembly process for rapid deposition of gold nanoparticles on glass or 

polystyrene slides without any prior surface treatment. They achieved highly conductive 

films that change their properties upon thermal annealing. However, the adhesion of these 

films was not good and they could be easily removed from the surface. 

 

2.6 Formation of nanoparticle arrays by patterning 

Formation of arrays of colloidal assemblies is important in many applications. 

Patterned arrays are widely used in microelectronics. The fabrication of microdevices, 

such as very small transistors, requires the ability to precisely create areas of different 

properties on the nanometer scale. Microelectromechanical systems (MEMS) are another 

big area where patterning is very important. Patterned nanowires are an important part of 

the emerging field of molecular electronics. Patterned arrays can be obtained in a number 

of different ways, from conventional lithography, e-beam or X-ray lithography, soft 

contact lithography to manipulating atoms using scanning probe microscopes. Only a few 

of these techniques will be discussed here. 

 

2.6.1 Lithography 

Lithography is perhaps the oldest and the most commonly used technique to 

fabricate microsystems.  Lithography is derived from a combination of two Greek words, 

“lithos” meaning stone and “graphe” meaning to write.  So it essentially means to write 

on stone, or in modern usage to make patterns on any solid substrate. Lithography can be 

performed using a number of different techniques. The most common is using light to 

create patterned areas, or photolithography. This process involves the use of light to 

transfer the pattern of a mask onto a substrate.  The substrate to be patterned is first 

coated with a polymer, called a photoresist, which is sensitive to light.  Then a mask with 

the desired pattern is placed on the sample and light is shone on it.  Development of the 

sample gives the desired pattern.  The photoresist can be either positive or negative.  

Where the light strikes the positive resist it weakens the polymer, so that when the image 

is developed the resist is washed away where the light struck it - transferring a positive 
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image of the mask to the resist layer. The opposite occurs with the negative resist. Where 

the light strikes the negative resist it strengthens the polymer, so when developed, the 

resist that was not exposed to light is washed away - a negative image of the mask is 

transferred to the resist.  Then the photoresist is washed away leaving the patterned 

substrate.  The process is depicted in Figure 2.22. 

 
 

Figure 2.22. Illustration of the photolithography process. 

 

Most of the lithography techniques are used to pattern the modified surface prior 

to colloid attachment. However, there are some examples where the process has been 

used in the conventional way to attach patterned assemblies of colloids. Cui and co-

workers have used a modified approach of the conventional photolithography to fabricate 

patterned nanoparticle assemblies.108 The photoresist was patterned on a modified surface 

and developed, exposing the modified surface. The system was then immersed in a 

colloid solution, when the colloidal particles were attached to the surface. Subsequently, 

the photoresist is removed, carrying with it the layers built on top of it. Only the regions 

that did not have the photoresist still retained the nanoparticles. The advantage of this 

method is that it can be easily integrated into the current microelectronics manufacturing 

systems to include fabrication of colloidal patterns.  
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The smallest size of the patterns formed is dependent on the wavelength used and 

also the size of the mask. The size of the patterned structures formed is proportional to 

the wavelength of light used. The use of a mask creates a physical limitation on the size 

of the patterns that can be formed. Other unwanted defects include shadowing and 

undercutting. Maskless lithography provides greater image resolution, smaller sized 

patterns and does not require the use of a mask, which eliminates the problems usually 

associated with it. One of the forms of maskless lithography is interference lithography. 

Conceptually, it involves the interference of two coherent beams to produce a standing 

wave, or regions of constructive and destructive interference, which can be recorded in 

the photoresist.109 By combining two or more beams complex 2-D patterns can be 

obtained. The smallest feature size that can be obtained is about half the wavelength of 

the interfering beam. Using UV wavelengths, 100 nm size features can be obtained. Deep 

UV wavelengths produced using ArF laser can produce 30-40 nm size patterns. Other 

techniques of maskless lithography include electron-beam lithography110 and ion-beam 

lithography111 In both these techniques, a stream of electron or ions impinge on the resist 

material, instead of an optical beam. Since the wavelength (de Broglie) of the electron is 

very small, very small pattern sizes can be obtained compared to optical lithography. 

 

2.6.2 Modification of surface functionalizing molecules 

Selective assembly of colloidal particles on modified surfaces requires the 

selective transformation of the terminal functional groups. Among the methods used to 

achieve this are the lithography methods described before. UV irradiation of modified 

surfaces via a mask has been used to selectively transform the terminal functional groups 

such that only certain regions have an affinity for the colloids. A number of terminal 

groups have been studied, which can be transformed by ultraviolet irradiation.  Terminal 

thiol groups can be transformed to create photopatterned SAMs.  Bhatia et al.112 have 

reported the oxidation of terminal thiol groups in (3-mercaptopropyl) trimethoxysilane to 

sulfonate upon irradiation with UV light in the presence of oxygen.  The authors used this 

technique to selectively attach proteins to the unirradiated regions. Terminal thioacetate 

groups also have been photo-oxidized to sulfonate.113 The masks used here were 

transmission electron microscopy (TEM) grids of various sizes, which were placed on the 
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SAM and irradiated with 254 nm UV light. The patterned substrates were used to deposit 

nanocrystalline titanium dioxide on the photo-oxidized regions.  Figure 2.23 shows the 

SEM image of the patterned sample.  The dark regions are the regions on which TiO2 is 

deposited and the light areas are the regions that were masked.  

 
 

Figure 2.23. SEM image of patterned TiO2; the dark regions are the deposited TiO2 and 

the light regions are the unirradiated regions. (Reproduced with permission from 

reference [113], Copyright 1996, American Institute of Physics) 

 

Chloro-terminated SAMs have also been transformed to aldehyde by using UV 

irradiation.114 (4-(Chloromethyl)-phenyl)trichlorosilane SAMS were irradiated at 193 nm, 

which led to the removal of HCl and formation of –CHO groups on the irradiated regions. 

This behavior is in contrast to other simple aromatic SAMs, in which there is Si-C bond 

cleavage.  The irradiated regions were then transformed to amine groups and were used 

to selectively deposit nickel.  Irradiation of azide terminal groups in the presence of 

primary and secondary amines have shown to result in the attachment of the amines to 

the irradiated regions.115 

Irradiation can also be used to completely remove regions of the modifying 

molecule to create a patterned surface. By UV irradiation through a mask, a thiol-

anchored monolayer on a gold substrate had its exposed anchoring thiol group oxidized 

to sulfonic acid groups.  The alkane sulfonates are easily removed from the substrate 

simply by rinsing. Subsequently, another SAM with different terminal groups can be 

attached to the surface (Figure 2.24).116 The remaining adsorbed monolayer, after 

removal of the alkane sulfonate, acts as a photoresist.117 A basic etch was used to remove 

the exposed gold layer to reveal the underlying Si substrate thus creating patterned gold 

devices. Deep UV irradiation has also been used to modify organosilane SAMs.118,119 It 
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was observed that upon irradiation with 254 nm, 248 nm and 193 nm UV, the SAMs 

were found to cleave at the Si-C bond.  After cleavage of the Si-C bond, an extremely 

reactive Si radical is left at the surface, which reacts with trace water in the atmosphere to 

form silanol groups, rendering the irradiated regions hydrophilic.  This created a pattern 

of hydrophobic and hydrophilic regions.  The cleavage was found to be fastest for the 193 

nm UV as most of the organosilanes absorb greatly in this region.  Masuda et al.120 have 

patterned octadecyltrichlorosilane films by using UV irradiation at 185 nm.  They later 

used the hydrophilic regions to selectively deposit TiO2 particles. 

 
 

Figure 2.24. Patterning of SAMs by photolysis (a) UV photolysis in air (b) rinsing to 

remove oxidized chains (c) deposition of a second thiol with different terminal groups. 

 
 
2.6.3 Patterning using scanning probe microscopes 

A relatively new technique for patterning uses scanning probe microscopy 

techniques, such as scanning tunneling microscopy (STM) and atomic force microscopy 

(AFM), for nanolithography.  This can create patterns smaller than 100 nm.  It takes 

advantage of the sharpness of the tip and the strong localized tip-surface interactions. A 

versatile technique developed based on this principle is dip-pen nanolithography (DPN) 

developed by Piner et al.121 It is based on the very old dip-pen technology, in which ink 

on a sharp object is transported to a paper substrate via capillary forces.  DPN uses an 

AFM tip as a “nib”, a solid-state substrate as “paper” and molecules with a chemical 
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affinity for the solid substrate as “ink”.  Capillary transport of molecules from the AFM 

tip to the solid substrate is used in DPN to directly “write” patterns consisting of a 

relatively small collection of molecules in sub-micron dimensions (Figure 2.25).  The 

authors have studied the transfer of octadecanethiol (ODT) molecules to Au surfaces.  A 

water meniscus forms between the AFM tip coated with ODT and the Au substrate.  

Water, depending on the relative humidity and substrate wetting properties, will either be 

transported from the substrate to the tip or vice versa, and when the transported 

molecules attach themselves to the substrate through chemisorption, patterned 

nanostructures are formed.  The line widths achieved were 30 nm, which was limited by 

the Au grain diameter, the time the tip was held in contact with the substrate, and the 

relative humidity among other factors.   

 
 

Figure 2.25. Schematic representation of DPN. A water meniscus forms between the 

AFM tip coated with ODT and the Au substrate. The size of the meniscus, which is 

controlled by relative humidity, affects the ODT transport rate, the effective tip-substrate 

contact area, and DPN resolution. (Reproduced with permission from from reference 

[121], Copyright 1999, AAAS) 

 

Hong et al.122 have used multiple inks in DPN to generate a nanostructure and 

then filled the areas surrounding it with a different type of ink.  The line-widths generated 

were 15 nm with 5 nm spatial separations.  Patterns were generated using 16-

mercaptohexadecanoic (MHA) acid initially on an Au substrate and then the entire area 

was overwritten by ODT SAMs. DPN has also been used to pattern organic/inorganic 
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composite nanostructures on silicon and oxidized silicon substrates.123  Another technique 

uses the AFM tip as a nanoshaver to remove desired regions of the molecules and replace 

them with other molecules.124 A combination of the nanoshaving and DPN called the 

nanopen reader and writer (NPRW) has recently been developed.125 A thiol SAM on gold 

was used as the resist, while an AFM tip is used as a shaver to displace thiols from 

desired locations under a high force (5-10 nN).  The tip was precoated with another thiol.  

As the tip displaced the matrix molecules, new thiols on the tip adsorbed onto the freshly 

exposed gold substrate following the shaving track of the tip.  Unlike DPN, resolution of 

NPRW is independent of the substrate texture and the relative humidity. 

 

2.7 Conclusions 

 Deposition of metals on plastics has been done for a very long time, although it is 

only recently that the technological significance of these materials has come to the 

forefront. With the advent of metal colloids and nanoparticles, a new dimension has been 

added to this area. The structures have interesting properties that are in between those of 

the bulk metal and a single atom. Assembly of such materials on surfaces to form thin 

film and coatings has introduced a new age in metallic coatings. Nanometer-scale control 

over properties has been achieved, which was not possible using previous methods of 

deposition. These films also have good adhesion and the adhesion promoters themselves 

can be varied by simple chemistry to achieve a variety of different properties. Various 

devices at the micro- and nanometer scale can be fabricated. This has great importance in 

this age of rapidly shrinking devices. Not only have these materials been used in 

electronic applications, but also in biological applications. DNA-mediated assembly of 

colloids, use of biological templates in patterning and use of metal colloids in various 

biological sensors are just a few of these. Apart from the technological significance of 

these materials, they have also helped in the development of a fundamental understanding 

of materials at the nanometer scale. This creates big opportunities for further 

advancement in this area in the future with many new and exciting applications. 
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CHAPTER 3 

SOLUTION-BASED ASSEMBLY OF CONDUCTIVE GOLD FILM ON FLEXIBLE 

POLYMER SUBSTRATES 

Reproduced with permission from:  Supriya, L. and Claus, R. O. Langmuir, 20, 8870, 

Copyright 2005, American Chemical Society. 

3.1 Abstract 

Conductive films of gold were assembled on flexible polymer substrates such as Kapton 

and polyethylene (PE) using a solution-based process. The polymer substrates were 

modified by using argon plasma and subsequent coupling of silanes with amino- or 

mercapto- terminal groups. These modified surfaces were examined by X-ray 

photoelectron spectroscopy (XPS) and contact angle measurements. Colloidal gold was 

assembled onto the silane-modified surface from solution. The gold particles are attached 

to the surface by covalent interactions with the thiol or amine group. Formation of a 

conductive film is achieved by increasing the coverage of gold by using a “seeding” 

method to increase the size of the attached gold particles. Field emission scanning 

electron microscopy (FE-SEM) was used to follow the growth of the film. The surface 

resistance of the films, measured using a four-point probe, was about 1 Ω/sq. 

 

3.2 Introduction 

Self-assembly of colloidal metal particles has generated great interest as a 

powerful method of fabrication of macroscopic surfaces with well-defined and 

controllable nanostructures.1-7 Metallic colloids such as Au or Ag exhibit behaviors 

between those of single atoms and bulk materials. Interesting optical and electrical 

properties can be achieved by controlling the particle diameter, aggregation degree and 

coverage on substrates.8-11 Electrical conductivities close to that of bulk gold have been 

achieved by self-assembly of colloidal gold particles using linker molecules between gold 
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particles12 or by increasing the gold coverage via a reduction process.13 Among other 

applications of these materials, surface plasmon resonance (SPR) substrates,14 substrates 

for surface enhanced Raman spectroscopy (SERS),10 catalytic surfaces,15 and production 

of metal patterns in microscale and nanoscale metallic structures16 are some of the most 

researched areas. 

However, most of this prior work has centered around the fabrication of films on 

substrates such as glass, silicon, and other oxide surfaces.  The strategy for self-assembly 

is to attach silanes with terminal functional groups with an affinity for the metal 

particle.17, 18 For example, functional groups such as –SH, –NH2, and –CN are used for 

the attachment of gold.  Gold is attached to the surface through covalent interactions;19 

hence the attachment is strong enough so the films are not easily removed. The 

attachment of the silanes to the surface is via reactive surface hydroxyl groups, which are 

already present in high concentration in substrates such as glass and metal oxide 

surfaces.20, 21 In the presence of moisture the silanes react with the hydroxyl groups on 

the surface to form a polysiloxane linkage, with the functional groups on the outside, and 

these can attach to the metal particles. With the proper functional group almost any kind 

of molecule can be attached to the surface using this approach. 

The interest in making conductive films on flexible surfaces is motivated by the 

idea of making electronic or optical devices on mechanically flexible materials. An 

important aspect of such devices is the fabrication of electrodes or electrode arrays. 

Although methods such as sputtering or vacuum deposition of metals have been used in 

the past,22-24 these methods are not ideal, as a) they require a primer, such as Ti or Cr for 

improved adhesion to the surface, which leads to problems such as grain boundary 

diffusion25 and b) nanometer scale control over properties is difficult to achieve. The 

method reported here can be used to tune properties with nanometer scale precision on 

polymer substrates. The general scheme for the assembly strategy is shown in Figure 3.1. 

Unlike in substrates such as glass that already have a high concentration of surface 

hydroxyl groups, appropriate surface functional groups have to be generated in the case 

of polymer substrates. This can be easily achieved by a plasma treatment of the 

polymer.26 The plasma treatment generates reactive radicals on the surface, which when 

exposed to air form oxidized species such as carbonyl, carboxyl or hydroperoxyl that can 
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react with the silanes in the presence of moisture. The terminal functional group X with a 

high affinity for Au extends out into the solution. Immersing the silane-coated substrate 

into the colloidal gold solution induces spontaneous self-assembly of the gold particles 

onto the surface. In the last step, a continuous film is formed by reducing more gold onto 

the immobilized gold using the “seeding” method.27   

 
 

Figure 3.1. Schematic illustrating the deposition of gold film on polymer. 

3.3 Experimental Methods 

Materials Kapton (5 mil thickness) was obtained from DuPont and linear low density PE 

(0.8 mil thickness) was obtained from Dow. The structures of the polymers are shown in 

Figure 3.2. 3-Aminopropyltrimethoxy silane (APS) and 3-mercaptopropyltrimethoxy 

silane (MPS) were purchased from Gelest, and gold chloride trihydrate (HAuCl4•3H2O), 

chlorotrimethylsilane, hydroxylamine, and sodium citrate dihydrate, were purchased from 

Aldrich. All the chemicals were used without further purification.  

Surface modification of the polymer films The modification of the surface of the 

polymer films was achieved in two steps a) argon plasma treatment to form oxygenated 

species on the surface, and b) coupling reaction with the silanes. Kapton and PE films 



 47

were freed of dust and other particles by blowing nitrogen, then treated in a March 

Plasmod plasma etcher using argon at a pressure of 0.2-0.4 Torr and 50 W power for 2 

min. The treated film was exposed to air to oxidize the formed carbon radicals. The 

samples were then dipped in a 1% (v/v) solution of APS or MPS in methanol for 10 min 

with stirring, under ambient conditions. After that the samples were rinsed in methanol, 

heated at 110 °C for 1½ hr to complete the reaction and dried under vacuum at 50 °C.  

Synthesis of colloidal gold particles Prior to the synthesis of gold, all glassware was 

thoroughly cleaned by soaking in a mixture of 10 g alconox cleaning powder, 400 ml 

nanopure water (18 MΩ from a Barnstead nanopure water system) 165 ml nitric acid and 

45 ml hydrofluoric acid for 1 h. Water was boiled in the glassware for 20 min after 

thoroughly rinsing it in nanopure water. A 10% solution of chlorotrimethylsilane in 

toluene was left standing in the reaction vessel overnight and then thoroughly rinsed with 

nanopure water. Sodium citrate (106 ml, 2.2 mM ) was rapidly boiled in a flask, and 

under vigorous stirring, 1 ml of 24.3 mM HAuCl4•3H2O was rapidly added. The reaction 

is complete in about 2 min and the solution was boiled for a further 15 min, cooled to 

room temperature and stored at 4 °C.  

Formation of gold film The surface modified polymer films were immersed in the 

colloidal gold solution at room temperature for 2 h and rinsed in nanopure water. Further 

gold was reduced onto the attached gold by suspending the gold coated samples in a 200 

ml water solution of 2.6 mg hydroxylamine hydrochloride and 20 mg HAuCl4•3H2O 

under constant agitation for 30 min. This procedure was repeated twice to achieve a 

continuous, conductive film. 

Characterization Contact angle data were obtained by using a Rame Hart contact angle 

goniometer. An average of three measurements taken at different points is reported.  X-

ray photoelectron spectroscopy (XPS) spectra were acquired by a Perkin-Elmer 5400 x-

ray photoelectron spectrometer. The spectra were corrected with reference to the C 1s 

peak at 285.0 eV, and in all the XPS spectra shown here, the intensity shown on the y-

axis is in arbitrary units. Gold solutions were characterized by UV-vis spectroscopy using 

a Hitachi U-2001 spectrophotometer, and a Philips 420T transmission electron 

microscope (TEM). The growth of the gold films was examined by a Leo 1550 field 
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emission-scanning electron microscope (FE-SEM), operating at an accelerating voltage 

of 5 kV, and a Nanoscope IIIa Atomic Force Microscope (AFM). 

CH
2

CH
2

n

O

n

Kapton

Polyethylene

N

O

O

N

O

O

 
Figure 3.2. Chemical structures of Kapton and polyethylene.     

3.4 Results and Discussion 

3.4.1 Surface modification of polymer films  

The surface modification of polymer films has been extensively studied in order 

to improve adhesion properties. Some of the common routes for the modification of 

surface properties includes surface roughening,28 and surface modification by the 

introduction of chemically active groups by either physical (X-ray, laser, ion beam, 

plasma treatment or flame treatment)29 or chemical procedures.30-32 Modification of 

surface properties of substrates using silanes is a well established method.20 This method 

takes advantage of the surface hydroxyl groups present on different substrates such as 

glass, silicon or other oxide surfaces. The silane groups react with the hydroxyl group in 

the presence of water to form a siloxane linkage on the substrate. This leads to a close-

packed monolayer film on the substrate with properties depending on the type of silane 

used. However, in the case of polymer films the surface has to be first modified so the 

silane coupling can take place. One of the most effective and fastest ways of doing this is 

the plasma treatment of the films. Inagaki et al. 33 have used plasma treatment to attach 

silanes to polyimide films to improve the adhesion of metals to the polymer. Plasma 

treatment using different gases produces different reactive species.26 Oxygen creates 

hydroxyl, carbonyl, carboxyl, ester, ether and hydroperoxyl functional groups, among 

others. Nitrogen and ammonia create amino groups. The plasma treatment using argon 

creates long-lived carbon radicals, which when exposed to air form mainly hydroperoxyl 

radicals. These can react with the silanes, which are attached to the surface via siloxane 

linkages. 
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The water contact angles of the untreated, plasma treated, and silane-coated 

Kapton and PE are given in Table 3.1. The contact angles for both the polymers dropped 

sharply from about 70° for Kapton and 82° for PE to 18° and 47° for Kapton and PE, 

respectively. This indicates an increase in the surface energy of the polymers upon 

plasma treatment. After coating with APS or MPS, there was a large increase in the water 

contact angles, indicating a lowering of the surface free energy caused by the attachment 

of the silanes. 

Table 3.1. Water contact angles for surface modified Kapton and PE 

Surface 
modification 

Advancing water contact angles (°) 

 Kapton PE 
Untreated 71 82 

Argon plasma 18 47 
APS 84 95 

 

The XPS spectra show an increase in the oxygen concentration on the surface of 

both Kapton and polyethylene after plasma treatment. The atom ratios before and after 

plasma treatment are shown in Table 3.2. The atom ratios were determined by the relative 

intensities of the O 1s, N 1s, C 1s and Si 2p3/2 spectra. The calculated values of the O/C 

and N/C ratios from the repeat unit of Kapton are 0.23 and 0.09 respectively, which 

correspond closely to the ratios obtained from the spectra, 0.23 and 0.07 for O/C and N/C 

respectively. Hence, the atom ratios obtained from XPS are reproducible. There is an 

increase in the O/C ratio for both Kapton and PE. This is discussed further below. The 

increase in the N/C ratio upon plasma treatment of Kapton is attributed to contamination 

from the plasma system. XPS data similarly indicate the incorporation of nitrogen in 

plasma treated PE. A broad nitrogen peak is observed for the PE and is attributed to 

contamination. These nitrogen species play no role in the deposition of the silanes. The 

chemistry of silane deposition involves the formation of a polysiloxane layer formed by 

the interaction of the alkoxy silane molecule and the surface hydroperoxyl groups.34  

Figure 3.3 depicts the C 1s spectra for untreated and plasma treated Kapton. There 

is an increase in the intensity of the peak at 288.6 eV, which indicates an increase in the 

C–O species, which is the primary group formed on plasma treatment.33  Plasma 
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treatment of a polymer surface can lead to the following possible results: (a) formation of 

radicals in the polymer chain (b) combination of the polymer radicals with simple 

radicals leading to the incorporation of functional groups such as hydroxyl, carbonyl, 

carboxyl and hydroperoxyl and, (c) combination of two polymer radicals; crosslinking 

reactions. The C 1s spectrum from XPS can be deconvoluted into four components: 284.9 

eV (C-H), 285.9 eV (C-N), 286.5 eV (C-O), and 288.9 eV (C=O). As a result of Ar 

plasma treatment, in addition to a broadening of the C 1s peak and an increase in the 

relative intensity of the carbonyl carbon, there is a new peak at 290.3 eV, which is 

attributed to –COOH and –COOR. The N 1s spectra also show peak broadening (see 

Figure A3.1 in Appendix). The peak at 400.6 eV is attributed to the O=C–N–C=O 

functionality in Kapton. Higher binding energy components at 401- 402 eV are attributed 

to protonated N groups such as (+)NR4.  

Radical formation by the abstraction of hydrogen atoms is easy in hydrocarbon 

polymers such as PE and polypropylene, whereas it is difficult in an aromatic polymer 

such as Kapton. Hence, bond scission of the imide groups leading to the formation of 

carboxyl and secondary amide groups is the predominant effect of plasma treatment of 

Kapton (Figure 3.4).35 Further radical formation and incorporation of functional groups 

on the amide nitrogen could also be occurring to form the charged nitrogen species. 
 (a) (b) 

 

Figure 3.3. C 1s spectra from XPS (a) before and (b) after argon plasma treatment. 
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Figure 3.4. Chemistry occurring in Kapton after plasma treatment. 

For hydrocarbon polymers, such as polyethylene, plasma treatment leads to 

radical formation by the abstraction of hydrogen. The carbon radicals upon exposure to 

air form different functionalities. The deconvoluted C 1s XP spectrum of the plasma 

treated PE depicts new higher binding energy peaks besides the hydrocarbon peak at 

285.0 eV: 286.0 eV (C–N from contamination), 286.7 eV (C–O), 288.4 eV (C=O), 290.0 

eV (COOH and COOR) (See Appendix Figure A3.2). The oxygen peak at 532.6 eV is 

attributed to the carbonyl oxygen. A nitrogen peak was also observed, which is due to 

contamination from the plasma system. Kim et al.36 have reported crosslinking of the 

radicals on low-density PE using argon plasma. These crosslinking reactions do not allow 

the formation of carbonyl functionalities, which are essential for the silane deposition. 

Hence, the plasma treatment on Kapton is more effective in promoting silane deposition 

than on PE. The lower contact angles on plasma treated Kapton compared to plasma 

treated PE (Table 3.2) support this conclusion. The Si 2p3/2 spectra from XPS for the APS 

coated polymers show a well-defined peak for Kapton, at 102.4 eV corresponding to the 

siloxane Si, while for PE the peak is not as sharp (Figure 3.5(a), (b)). The same number 

of cycles was used for acquisition of both spectra. This leads to the conclusion that there 

is not as much silane deposited on PE as there is on Kapton. These results correspond 

well to those obtained by Inagaki et al.33 Similar results were obtained for MPS coated 

Kapton and PE (data not shown). During the deposition of APS, competing acid-base 
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reactions of the terminal amine with the substrate are also possible. However, the 

predominant reaction appears to be the siloxane formation. The strong siloxane peak in 

the XPS compared to the much smaller (+)NR4 peak in the nitrogen spectra support this 

conclusion. 

 

 

 
 
 
 
 
 
 
 
 
 
 

 

Figure 3.5. Si 2p3/2 spectra from XPS after APS treatment for a) Kapton and b) PE. 

 

The coverage of MPS on Kapton and PE was estimated from the XPS data 

(calculations are presented in the Appendix). For Kapton, the coverage is estimated to be 

between 0.75 and 6 molecules/nm2 and for PE between 0.22 and 0.65 molecules/nm2. It is 

difficult to estimate the coverage of APS using only the data obtained by XPS. The 

difference between the coverage on Kapton and PE is explained by the different effect of 

plasma treatment on the polymers. 

Table 3.2. Atomic composition of Kapton and PE films after surface modification 

Surface 
modification 

O/C ratio N/C ratio Si/C ratio 

 Kapton PE Kapton PE Kapton PE 
Untreated 0.23 0.09 0.07 – – – 

Argon plasma 0.65 0.2 0.12 0.06 – – 
APS 0.32 0.1 0.09 0.04 0.1 0.02 

 

 
(a) (b) 
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It was observed that the time of deposition of the silane is a critical parameter. 

XPS spectra for MPS coated on Kapton revealed that if the deposition time was increased 

to about 20 min, multilayers are formed, which are physically adsorbed. The spectra 

acquired at a take-off angle of 15° showed a broad Si peak; curve fitting revealed a peak 

at 102.7 eV, corresponding to siloxane and another peak at 103.7 eV. The origin of this 

peak broadening is not understood. The S peak is visible only at take-off angles of 90°; 

however, the intensity is much lower, and is not visible at all at 15° take-off angles. At 

take-off angles of 90° the electrons penetrate to the greatest depth, while for 15° take-off 

angle the thickness analyzed is about 15 Å. Hence, it is concluded that there is a much 

thicker layer formed at longer deposition times. The absence of the S peak at 15° implies 

that the layers are arranged in such a way that the thiol groups are more to the inside and 

the silane groups are on the outside, and the presence of a wider Si peak indicates some 

other interaction might be taking place. The intensity of the N peak from Kapton is also 

weak compared to the peak for lesser deposition times. This also supports the conclusion 

that the layers formed at longer deposition times are much thicker than for lesser 

deposition times. When the sample was stirred in methanol for 4 h and the XPS spectra 

was again recorded, there was an increase in the intensity of the S peak, and the Si peak 

was at 102.7 eV corresponding to the siloxane linkage. The atomic ratios of S/C and Si/C 

are shown in Table 3.3. Hence, this implies that the multilayers that are formed at longer 

deposition times are physically adsorbed, which can be washed away by a solvent. The 

monolayer, which is attached to the polymer surface, is linked by covalent bonds and is 

not washed away when extracted with solvent. The time of deposition is therefore very 

critical because if multilayers are formed, and the S is not on the outside as it is in the 

monolayer, then the gold colloids will not get attached to the surface.  

Table 3.3. Atomic ratios for MPS coated Kapton (20 min deposition time) before and 

after stirring in methanol 

       S/C Si/C 
Take off angles 15° 90° 15° 

Unextracted 0 (S peak was 
not observed) 

0.007 0.58 

Extracted in 
MeOH 

0.05 0.007 0.09 
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3.4.2 Fabrication of gold films  

Fabricating gold films using a solution-based process on glass, silicon and other 

oxide surfaces is a well-established method.14, 18 Surfaces made from colloidal gold have 

a tunable roughness and morphology depending on particle diameter,10, 13, 37 compared to 

those made by sputtering or vacuum deposition. Colloidal gold can be easily synthesized 

with a good control over particle size. The colloidal gold used here was synthesized by a 

variation38 of the method reported by Frens.39 The gold solution is characterized by an 

absorption peak at 522 nm, which gives colloidal Au an intense wine-red color.40 TEM 

images of the gold particles are shown in Figure 3.6, from where the size was estimated 

to be about 18 nm. The gold particles are monodisperse and spherical with the ellipticity, 

which is defined as the ratio between the major and minor axis, being 1.05.  

           

Figure 3.6. TEM micrograph of colloidal gold particles. 

Figure 3.1 depicts the basic strategy for preparing two-dimensional and bulk 

macroscopic surfaces by colloid self-assembly.10 The high affinity of Au to groups such 

as –SH, –NH2, –CN etc. is the primary factor aiding the self-assembly process. Upon 

dipping the silane-coated polymer in the colloidal gold solution, Au particles are 

immobilized on the surface. However, the particles are not very closely packed and this 

does not lead to a conductive film. The particle coverage is increased by a seeding 

process.13, 27 When the immobilized gold particles on the polymer surface are dipped in a 

 

100 nm
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solution of the gold salt and a reducing agent, hydroxylamine hydrochloride, all the 

added Au+3 goes into the formation of larger particles and no new nucleation occurs. This 

leads to increased surface coverage of gold. Repeating the seeding procedure twice was 

enough to give a conductive film. Figure 3.7 depicts the growth of the gold film on 

Kapton as examined by FE-SEM. Figure 3.7(a) shows a monolayer of gold attached to 

the silane coated surface, where the spherical gold particles are clearly visible. There is 

incomplete coverage of the gold particles. The initial low coverage of gold is attributed to 

a low coverage of the adhesion promoting silane molecules, as estimated above. Grabar 

et al.5 have studied the kinetics of adsorption of Au on MPS and APS on glass. Initially 

the coverage is controlled by diffusion and at later times by interparticle repulsion. 

Colloidal Au derived from [AuCl4]¯ has an intrinsic fixed negative charge resulting from 

strongly adsorbed Cl¯ and/or a coating of [AuCl2]¯, produced by incomplete reduction of 

[AuCl4]¯.37 This interparticle repulsion prevents a close-packing of the colloidal Au on 

the surface.  

Upon seeding this layer for 30 min under agitation, there is a growth of the gold 

particles and they start forming a continuous film (Figure 3.7(b)). The spherical shape of 

the particles is no longer retained and the growth leads to irregular shaped particles. 

Seeding the layer a second time leads to a densely packed continuous film with very little 

defects (Figure 3.7(c)). Figure 3.7(d) depicts a cross-sectional view of the twice-seeded 

gold film on PE. This further reveals the aggregation of gold particles to form a 

continuous film by the growth of the immobilized gold particles. 
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Figure 3.7. FE-SEM image showing the growth of gold film on Kapton  (a) after 

immersion in colloidal gold solution for a few hours (b) seeding once (c) seeding two 

times (d) cross sectional view of two times seeded gold on PE.     

 

Figure 3.8 shows the tapping mode AFM phase image of the two times seeded 

conducting gold films on Kapton and PE. As revealed by the FE-SEM images, the 

particles form a dense close-packed surface. The film on Kapton is found to be smoother 

(mean roughness Ra= 15 nm) than the film on PE (mean roughness Ra= 86 nm). There 

were bigger and more aggregates formed on PE than on Kapton. The surface resistance of 

the film was measured by a four-point probe and was found to be 1 Ω/sq. Photographs of 

gold coated Kapton and PE are shown in Figure 3.9. Control experiments were performed 

by dipping Kapton and PE without silane treatment in gold solution. The untreated 

materials did not adsorb gold even after immersion for one day. The AFM images of the 

samples are shown in the Appendix. 
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Figure 3.8. Tapping mode AFM phase image of two times seeded (a) Kapton and (b) PE 

conductive gold films. 

 

 
 

Figure 3.9. Gold coated PE (top) and Kapton (bottom). 

3.4.3 Adhesion tests  

There was no significant difference observed between APS and MPS coated 

polymers and the gold films on both were equally good. Complete adhesion of the films 

was retained when rinsed with water and ethanol and upon rubbing the films manually. 

Adhesion tests were performed qualitatively by pressing adhesive tape onto the gold 

(a) (b)
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films and removing it off slowly at an angle as close to 180° as possible. The films 

adhered to Kapton better than they did on PE, with almost no gold coming off from the 

Kapton. This is attributed to the better silane coverage on Kapton as explained above. 

There was no significant difference observed between MPS and APS coated layers. 

Although the affinity of Au to S is more than that of Au to N, the adhesion to both groups 

here is almost the same. The N 1s spectrum from XPS indicates the presence of positively 

charged nitrogen species on the surface. The colloidal gold in solution is stabilized by 

negative charge on its surface. Hence, besides the affinity of Au to N, another 

electrostatic attractive force between the gold particles and the surface may be 

contributing to the extra adhesion of the Au on APS. The films are also stable 

mechanically, and twisting or bending the polymers does not delaminate the film. The 

coated samples showed no signs of aging and were stable and good adhesion was still 

retained even after one year of exposure to atmospheric conditions.  

 

3.5 Conclusions 

Conductive gold films were successfully assembled on flexible polymer substrates. The 

surface of the polymers was modified by an amine or thiol terminated silane. The silanes 

were attached to the polymer substrate after the surface was activated using a plasma 

treatment. The time of silane deposition was found to be critical as increased time leads 

to the formation of physisorbed multilayers, which hinder the attachment of gold. Gold 

particles were self-assembled from solution and the surface coverage of gold was 

increased by reducing gold onto the gold already attached to the surface. This led to the 

formation of a shiny gold layer on the surface with a surface resistance about 1 Ω/sq. The 

FE-SEM images revealed the growth of the gold film. The films on both the polymer 

substrates are stable mechanically and chemically, although the adhesion on Kapton was 

slightly better than on PE. This method of making conductive films may be used in the 

fabrication of electronic devices on flexible polymer materials. 
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CHAPTER 4 

FABRICATION OF CONDUCTIVE MULTILAYER Au FILMS ON FLEXIBLE 

POLYMERIC SUBSTRATES USING A LAYER-BY-LAYER ASSEMBLY 

Reproduced in part with permission from: Supriya, L. and Claus, R. O. Chem. Mater. 

2005, 17, 4325 Copyright 2005, American Chemical Society and Supriya, L. and Claus, 

R. O. ACS Book on Film Formation, Process and Morphology, accepted for publication, 

Copyright American Chemical Society, unpublished work. 

     

4.1 Abstract 

Solution-based methods for the deposition of conductive multilayer Au films on flexible 

polymer substrates such as Kapton and polyethylene have been developed. The polymer 

is first treated in a plasma to activate the surface. Subsequently, silanes with terminal 

functional groups such as –SH, –NH2, and –CN that have an affinity for Au are deposited 

from solution. Multilayer Au films are fabricated by a layer-by-layer assembly process in 

which the silane-coated sample is alternately immersed in a solution of colloidal Au and a 

bifunctional linker molecule. The films were characterized by atomic force microscopy 

(AFM), scanning electron microscopy (SEM) and UV-vis spectroscopy. The electrical 

properties of the film were measured by a four-point probe and a setup to measure current 

and voltage. The resistance of the multilayer films was observed to be a function of the 

length of the linker molecule used to build the layers. The initial coverage of Au particles 

on the surface was found to be affected by the particle size and concentration. The 

smallest sized particles with a high concentration gave the best coverage. 

 

4.2 Introduction 

Films fabricated by the self-assembly of colloidal particles have been a topic of 

many recent research efforts, mainly because of the ability to control and tune the 

physical and chemical properties at the nanometer level.1-10 The colloidal particle films 
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that have generated the greatest interest have been fabricated from Au and Ag colloids. 

These films have been used in a wide variety of applications that include their use as 

substrates for surface-enhanced Raman spectroscopy (SERS)11-13 and surface plasmon 

resonance (SPR),14,15 as surfaces for the immobilization of redox-active species,16 as 

electrode materials,17 and as chemiresistors used in vapor sensing.18,19 Self-assembly of 

Au and Ag films from colloidal solutions onto glass or silicon substrates has been 

demonstrated previously by many groups.20-22 The formation of a Au or Ag monolayer on 

the surface is achieved by the immobilization of the particles on functionalized surfaces 

containing groups such as –NH2, –SH, and –CN, that have an affinity for the 

particles.10,23 These particles are tightly bound to the surface and do not desorb in 

solution. Varying the surface coverage can lead to interesting optical and electronic 

properties. This can be achieved in a number of ways such as changing the size of the 

colloidal particles,15,24 reduction of Au onto the attached monolayer (seeding 

approach),25,26 or formation of multilayers using organic linker molecules.  

Apart from controlling the size of particles and coverage, the use of linker 

molecules provides another parameter that can be used to tune the film properties. These 

films can be fabricated either using the layer-by-layer (LBL) assembly of the Au colloid 

and the linker molecule20(b),21(b) or by using Au colloids stabilized with organic molecules 

(monolayer protected clusters or MPCs).22 The optical and electronic properties of these 

films can also be tuned by changing the structure or molecular weight of the organic 

molecules.27,28 The layer-by-layer assembly of Au colloids involves the alternate 

immersion of a functionalized substrate into the colloidal Au solution and a bifunctional 

organic molecule solution. Bethell et al.20(a) have fabricated films using Au colloids and 

have observed that the electrical conductivity of the films was a function of the length of 

the linker molecules and decreased as the length of the linker molecule increased. Similar 

results were obtained by Musick et al.29 They reported that upon using a small cross- 

linker with a 2-C chain, the resistivity of a 12-layer film of 11-nm Au particles was about 

5 × 10-4 Ω•cm, whereas it was as high as 3.6 × 108 Ω•cm for a film fabricated from 2.4-

nm Au particles using a 16-C chain molecule.   

Liu et al.30 have fabricated multilayer films by the alternate immersion of glass 

substrates in a solution of Au particles coated with a cationic polymer followed by an 
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anionic polymer. These films fabricated by the electrostatic self-assembly method had 

resistivities of 5 × 10-6 Ω•cm. Other studies have described the electron transport 

properties in these multilayer films indicating an electron-hopping mechanism for charge 

transport,20(b) the electrochemical properties of the Au multilayer electrode with respect to 

various redox probes,31,32 and optical properties of dithiol linked Au multilayer films.33 

Au multilayer films can also be fabricated using Au particles stabilized with organic 

molecules, or MPCs. Joseph et al.19 have used dodecylamine stabilized Au nanoparticles 

and different dithiol molecules to fabricate films by the LBL approach and have 

described the charge transport and vapor sensing properties. Murray and co-workers 

performed a number of studies on MPCs of Au nanoparticles stabilized by different 

ligands.  Metal films were fabricated by LBL attachment of the MPCs,34 drop casting or 

painting onto glass substrates and subsequent thermal annealing at  temperatures of about 

300 °C gave conductive metal films.22(a)  

Most of the previous work on self-assembled Au films has been done on rigid 

substrates such as glass or silicon. With the rapid emergence of plastic electronics, the 

need for controlled assemblies on flexible substrates has grown. In a previous report, we 

have described the fabrication of conductive Au films on flexible polymeric substrates 

using a solution-based seeding approach.35 This chapter describes the fabrication of 

multilayer Au films by the LBL approach using three different dithiol molecules on 

flexible polymeric substrates. The electrical properties of the films have been investigated 

as a function of the length of the linker molecules, and similar to observations made in 

previous reports, the resistivity was found to increase with the increase in the length of 

the linker. The growth of the films was monitored by UV-vis spectroscopy and scanning 

electron microscopy (SEM). The effect of changing the Au particle size and 

concentration on the surface coverage was also investigated.  

 

4.3 Experimental Methods 

Materials Kapton (2 mil thickness) was obtained from Dupont. Gold chloride trihydrate 

(HAuCl4•3H2O), chlorotrimethylsilane, sodium citrate dihydrate, 2-mercaptoethanol 

(ME), and 1,6-hexanedithiol (HD) were purchased from Aldrich; 1,10-decanedithiol 

(DD) was purchased from Lancaster Synthesis (Pelham, NH) and 3-
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aminopropyltrimethoxysilane (APS) was purchased from Gelest. All the chemicals were 

used without further purification. All the water used was from a 18 MΩ Barnstead 

Nanopure water system. 

Synthesis of Colloidal Gold The complete procedure for the synthesis has been described 

elsewhere.35 Briefly, to a rapidly boiling solution of sodium citrate (106 ml, 2.2 mM), 1 

ml of 24.3 mM HAuCl4 was slowly added with stirring. The reaction is complete in 2 

min, when a wine red solution is obtained. The solution was boiled for a further 15 min 

and was stored at 4 °C. Different sizes of particles were made by changing the molar ratio 

of citrate to gold.36 To 24.3 mM HAuCl4, 0.21 ml, 0.3 ml, and 0.5 ml citrate solution 

were added, which led to the formation of particles of different sizes. For making 

different concentrations of Au solutions, the amounts of materials used were as follows: 2 

times–50 ml, 4.4 mM citrate and 1 ml, 24.3 mM HAuCl4, 3 times–50 ml, 4.4 mM citrate 

and 1.4 ml, 24.3 mM HAuCl4, 4 times–100 ml, 8.8 mM citrate and 2 ml, 24.3 mM 

HAuCl4, 6 times–100 ml, 13 mM citrate and 5.7 ml, 24.3 mM HAuCl4. 

Fabrication of Au film The polymer surface was treated in argon plasma and APS was 

deposited onto the surface. Details of the surface modification, APS deposition and the 

synthesis of the Au colloid have been described previously.35 The size of the Au colloids 

was 18 nm as measured by transmission electron microscopy  

(TEM). For the fabrication of the multilayer films, the APS coated substrate was 

alternately immersed in the Au solution for 1 h and the linker molecule solution (4 mM 

ME in water, 4 mM HD in ethanol, or 4 mM DD in ethanol) for 15 min. The structures of 

the three linkers used are given in Figure 4.1. After each immersion the substrate was 

rinsed thoroughly with nanopure water. For the UV-vis spectra, the films were fabricated 

on glass according to previously described methods.21(b) The spectra were recorded for 

glass substrates because Kapton has a high absorbance in the UV-vis range. All the 

samples were heated in an air oven for the heating experiments. 
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Figure 4.1. Structure and length of the linker molecules used. 

 

Characterization The gold solutions were characterized by UV-vis spectroscopy using a 

Hitachi U-2001 spectrophotometer and a Philips 420T transmission electron microscope 

(TEM). The Au films were examined by a Leo 1550 field emission SEM operating at an 

accelerating voltage of 5 kV and a Nanoscope IIIa atomic force microscope (AFM). X-

ray photoelectron spectroscopy (XPS) data were acquired using a Perkin-Elmer 5400 X-

ray photoelectron spectrometer. The resistance of the film was measured in the two-point 

probe manner by touching the leads of a digital multimeter (Sperry DM-350A) to two 

places on the film. An average of three measurements was taken for each sample. These 

values were corroborated by resistance values measured from the slope of a current-

voltage (I-V) curve. The I-V curves were obtained using a Keithley 236 source-measure 

unit; contacts were made by two leads attached to the films, by touching, about 1 cm 

apart.  

 

4.4 Results and Discussion 

4.4.1 Effect of particle size and concentration 

For the successful fabrication of electronic devices, a good control over the 

electrode properties needs to be achieved. During the fabrication of the electrodes by the 

“seeding” method,25,26 it was observed that the amount of Au adsorbed after the first 

immersion and the surface coverage played an important role in the final electrical 
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properties of the film. A low initial surface coverage led to higher final resistance. This 

prompted the investigation into the factors affecting the initial surface coverage. Different 

sized Au colloidal particles were synthesized using a method described by Frens.36 By 

changing the molar ratio of citrate to gold salt, different sizes were obtained. This ratio 

was changed by keeping the amount of gold same and adding different volumes of the 

citrate. The particle sizes were measured by TEM and the solutions were characterized by 

UV-vis spectroscopy. As the size of the particles increased, a red-shift and broadening of 

the spectra was observed (Figure 4.2). The broadening of the spectra is attributed to the 

increasing polydispersity of the colloids as the size increases. It was observed from the 

TEM images also, that as the size of the particles increases, they become more elliptical 

in shape and also the sizes are not all the same (Figure 4.3). Table 4.1 shows the different 

properties of the colloidal particles synthesized.  

Wavelength (nm)
400 500 600 700 800

A
bs

or
ba

nc
e 

(a
.u

.)

0.0

0.5

1.0

1.5

18 nm

37 nm

71 nm

93 nm

 
 Figure 4.2. UV-vis spectra of colloidal gold solutions with different particle sizes 

(indicated by the numbers on the plot). 
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Figure 4.3. TEM micrographs of different sized Au particles synthesized (a) 93 nm (b) 

71 nm (c) 37 nm (d) 18 nm. 

Table 4.1. Properties of the Au solutions  

 

Note: Ellipticity is the ratio between the two diameters of an ellipse 

The silane coated polymers were immersed in the different Au solutions for 24 h. 

After that, they were rinsed thoroughly in water and dried in a stream of nitrogen. The 

adsorption of gold was characterized by AFM. Figure 4.4 shows the AFM image of the 

samples coated with different sized Au. From the images it is observed that the coverage 

is least for the biggest particles. There are a lot of uncovered regions visible. As the size 

of the sample decreases, the surface coverage increases and the surface roughness 

decreases. Grabar et al.37 have reported that the Au adsorption of silane-coated glass is 

diffusion controlled in the first hour of immersion and beyond that the coverage is limited 

by the repulsive interparticle interaction (Au particles synthesized by this method are 

negatively charged). Since the bigger particles will diffuse to the surface slower than the 

smaller particles, there is less coverage using the bigger particles. Another study has 

observed similar behavior on silane-coated glass and has stated that the larger particles 

are less effectively immobilized on the silane surface initially leading to low coverage 

and more aggregation.24 

Amount of citrate (ml) Size (nm) Ellipticity λmax (nm) FWHM (nm) 
0.21 93 1.33 556 154 
0.3 71 1.32 544 132 
0.5 37 1.16 535 82 
1.0 18 1.10 523 82 
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Figure 4.4. Tapping-mode AFM height image of silane-coated Kapton immersed in Au 

solution for 24 h. Particle sizes (a) 93 nm (b) 71 nm (c) 37 nm (d) 18 nm.  

Another factor that affects the surface coverage is the concentration of particles in 

solution. Solutions of different concentrations were made by keeping the ratio of gold to 

citrate same, but increasing the amounts in a given volume of solution. The size of the Au 

particles used was 18 nm. The concentrations were increased 2, 3, 4, and 6 times the 

standard solution. The solutions were characterized by UV-vis spectroscopy. The peak 

absorbance for all solutions was at 522 nm indicating that all solutions have particles of 

the same size, although the absorbance increased with the increasing concentration. This 

is evident by visual inspection of the solutions also; as the concentration increases, the 

color changed from a light wine-red to a deep red. The silane-coated polymers were 

immersed in the different solutions for 24 h, then rinsed in water and dried. AFM images 

of the sample show good particle coverage for all samples with a slightly increased 

 (a)(a)(a)  (b)(b)(b)

 
(c)(c)

 
(d)(d)
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coverage for the most concentrated solution. The roughness for all the samples is less 

than 4 nm, indicating very smooth surfaces. The roughness was found to decrease to 

about 1.5 nm for the 4 times concentrated solution and then increased to about 3.9 nm for 

the most concentrated solution. This is possibly due to the increased amount of Au being 

adsorbed which starts forming small clusters.  

 

4.4.2 Fabrication of Au multilayer films  

The films were fabricated by the LBL approach and a general assembly strategy is 

shown in Figure 4.5. The attachment of Au on polymeric substrates requires the 

deposition of a functional molecule that can bind to Au. This was achieved by the 

deposition of an amine-terminated silane after the substrate was plasma treated. The film 

is fabricated by the alternate immersion of the substrate in solutions of colloidal Au and 

linker molecules. The bifunctional molecule can bind to Au attached to the surface and 

can also lead to additional particle deposition. Repeated immersions in the two solutions 

leads to the fabrication of a shiny Au film, which has the visual appearance of bulk gold. 

Conductive films were deposited using this process on different polymeric substrates 

such as Kapton (polyimide) and polyethylene. 

 

Figure 4.5. Schematic illustrating the layer-by-layer assembly of Au/linker molecule 

multilayer films. 

The growth of the films using the three linker molecules was studied by UV-vis 

spectroscopy. The spectra were recorded after drying the films fabricated on glass. Figure 

4.6 depicts the absorption peak (λmax) as a function of the number of bilayers deposited 
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for the three different molecules (a bilayer refers to the layers formed after an immersion 

in Au followed by an immersion in linker molecule solution). It is observed that there is a 

continual red-shift in λmax with the increase in the number of layers for ME and HD. For 

DD, there is a red-shift up to about six bilayers after which there is a slight blue-shift. 

This red-shift is an indicator of the aggregation of the particles. As the number of layers 

increases, the particles attached to the surface start aggregating. This is confirmed by the 

broadening of the spectra upon addition of more layers (see Appendix). An increase in 

the absorbance with the addition of layers was observed, indicating successful attachment 

of Au (Figure 4.7). 
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Figure 4.6. Absorbance peaks for Au-ME, Au-HD, and Au-DD films as a function of the 

number of bilayers deposited. 
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Figure 4.7. Absorption at 600 nm plotted as a function of the number of bilayers 

deposited for Au-ME, Au-HD, and Au-DD films. * 

A previous study38 has reported the formation of Au multilayers without the use 

of linker molecules using a convective assembly process. The UV-vis spectra of these 

films also showed broad absorption peaks between 700 and 850 nm. This is an indication 

of a high degree of aggregation in the films. In contrast, the linker molecule films had 

much narrower peaks with the absorption maximum between 530 and 650 nm. Au 

colloidal dispersions are usually stabilized by coating them with organic molecules which 

prevents them from aggregating. The UV-vis results suggest a similar mechanism in the 

solid films also. The linker molecules prevent complete aggregation of the Au particles as 

was observed in the case of the films fabricated without it. The thickness of the films 

deposited by convective assembly was also much higher, about 400 nm compared to ~ 

85-130 nm for the linker molecule films.  

The growth of the Au film on Kapton was monitored by measuring the dc 

resistance. Figure 4.8 depicts the change in resistance of Au-ME and Au-HD films with 

increasing number of bilayers. Since the Au-DD films are not conductive even after 

deposition of 15 bilayers, the resistance as a function of the number of layers for Au-DD 

films could not be measured. From the figure it is observed that just after deposition of 

four bilayers the films start conducting. For the Au-ME films, there was some 

conductivity observed after three bilayers. However, it was not uniform over the entire 
                                                 
* Absorption plotted for Au-DD is absorption measured/5, to fit within the scale of the 
plot 
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surface and only some regions were conducting. After the deposition of another layer, the 

entire film becomes conductive, with the resistance being a few hundred ohms. The 

addition of more layers decreases the resistance to about a few ohms. For the Au-HD 

films, the starting resistances are more than six orders of magnitude higher, about a few 

MΩ. These films also become conducting after four bilayers, and addition of more layers 

decreases the resistance further, although the lowest resistance obtained was only about 1 

MΩ. The length of the linker molecule has an important effect on the resistance of the 

films, as has been observed previously.21(b),22(b) As the length of the linker increases, the 

resistance of the films also increases and our observations are in accordance with 

previous results. The DC resistance for the Au film deposited by convective assembly38 

was observed to be a function of the deposition speed. Higher speeds produced films 

where the percolation threshold for conduction was not reached and the particles were 

more separated. Similarly, in the films made using linker molecule films, longer 

molecules caused an increase in resistance due to the increased interparticle distance.  

 

 

 

 

 

 

 

 

Figure 4.8. DC resistance of Au-ME and Au-HD films as a function of the number of 

bilayers deposited. 

For the Au-ME films (11-nm Au particles), Musick et al.21(b) have observed that 

the resistance of the films on glass starts out very high, > 10 MΩ, and there is an 

exponential decrease in the resistance with increasing layers. The lowest resistances, of 

about a few tens of ohms, are achieved only after 10 bilayers. This is in contrast to our 

observations. They have also calculated a volume fraction of Au (VAu) to be about 0.23 

for 11-nm Au particles and it remains constant for all coverages. Although the VAu for the 
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films on Kapton was not strictly calculated, an estimate can be made by using XPS data. 

XPS spectra were obtained for a four bilayer Au-ME and Au-HD film at takeoff angles of 

90°. The atomic concentrations of Au on the surfaces were obtained by calculating the 

area under the 4f peaks at 84.0 eV and 87.6 eV after correcting for sensitivity factors. The 

Au concentrations on Au-ME and Au-HD films were calculated to be 36.0 and 30.6%, 

respectively, which is the concentration of Au in the volume probed.39 Hence, the VAu 

can be estimated to be 0.36 for Au-ME and 0.31 for Au-HD. It should be noted that the 

electron escape depths are different for different elements and that influences the 

calculation of atomic concentrations, hence these values can at best be an upper estimate. 

This VAu is in the range of volume fraction predicted for a 3-D array of conductors (0.3 

for 3-D and 0.5 for 2-D).38 For less than four bilayers, the surface coverage of Au is less. 

When the surface is examined with XPS, the Kapton surface is also visible, and SEM 

images suggest that the coverage is mostly 2-dimensional and very few 3-dimensional 

clusters are observed as compared to a four-bilayer film. This makes the film insulating 

in the case of Au-HD or conductive in a few places on Au-ME. For Au-DD film, the Au 

atomic concentration was calculated to be only 23% from XPS even after 15 bilayers. 

Since the DD molecule is longer than either ME or HD, there is a possibility that it is able 

to fold over, such that thiol groups at both ends are attached to the same particle. In such 

a situation there would be no free thiol groups to attach to the particles in the next layer. 

This mechanism and the situation where only one end attahces to the particle and the 

other end is free to attach more particles, may be occurring simultaneously. This may 

lead to the decrease in the Au attachment using DD molecules.  Xu and Tao39 have 

measured the resistance of single dithiol molecules and found that the resistance of the 

decanedithiol molecule (630 ± 50 MΩ) is much greater than that for a hexanedithiol 

molecule (10.5 ± 0.5 MΩ). This high resistance of the decanedithiol molecule coupled 

with the low Au atomic concentration makes the film insulating. 

The VAu for the 10-bilayer Au-ME and Au-HD films and the 15-bilayer Au-DD 

film was estimated to be 0.55, 0.43, and 0.23 respectively using a similar approach. The 

VAu for the Au-ME and Au-HD films are above the percolation threshold required for 

conductivity while for the Au-DD films it is not. This manifests in the decreasing 

conductivity for the Au-ME, Au-HD, and Au-DD films, in that order. However, using 
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this method it is difficult to estimate the volume fraction for the linker molecules. 

Possible carbon contamination on the surface coupled with the low amounts of the linker 

molecules lead to high degree of error in the estimations.  

 

4.5 Conclusions 

A solution-based approach for the formation of conductive multilayer Au film on 

flexible polymer substrates has been developed. This requires the functionalization of the 

polymer surface by silanes with terminal groups like –SH, and –NH2 and alternate 

immersion in colloidal Au solution and linker molecule solution. UV-vis spectra indicate 

successful growth of the films, with a linear increase in the absorption with the deposition 

of multilayers. Three bifunctional molecules with different chain lengths were used as the 

linker molecule. It was observed that the resistance of the film increased dramatically 

with increasing chain length. For the 10-C chain linker, even after depositing 15 bilayers 

the film was insulating.  The Au coverage on the polymer was found to be affected by the 

particle size and particle concentration. The coverage was best for the smallest particle 

with the highest concentration. This initial coverage is critical as it influences the final 

film properties. The use of different sized particles of different concentration along with 

the use of different linker molecules provides a number of parameters to control the 

optical and electrical properties of the films. This will be advantageous in various 

applications such as flexible electronic devices and sensors.  
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CHAPTER 5 

THERMAL COALESCENCE AND RESISTANCE CHANGES IN COLLOIDAL 

Au/LINKER MOLECULE MULTILAYER FILMS 

Reproduced in part with permission from: Supriya, L. and Claus, R. O. J. Phys. Chem. B 

2005, 109, 3715 and Supriya, L. and Claus, R. O. Chem. Mater. 2005, 17, 4325, 

Copyright 2005, American Chemical Society. 

5.1 Abstract 

A decrease in the resistance of colloidal Au multilayer films, fabricated by the layer-by-

layer assembly process on flexible polymer substrates, was observed upon heating. This 

decrease occurs because of the desorption of the linker molecules from the film, leading 

to a coalescence of the Au particles, thus forming more conducting pathways. Three 

linker molecules: 2-mercaptoethanol (ME), 1, 6-hexanedithiol (HD), and 1, 10-

decanedithiol (DD), having different lengths, were chosen for the fabrication of the films. 

The initial resistance of the films was considerably different for the three linker 

molecules, 50 Ω, 1 M Ω, and >100 M Ω, respectively. The films were heated at three 

different temperatures; 120, 160, and 180 °C. The resistance of the films was found to be 

a strong function of the time and temperature of heating. After heating for sufficiently 

long times or at higher temperatures, the resistance of the ME film decreased to 5 Ω, and 

to about 50 Ω for the HD and DD films. The lowest resistivity obtained, 6 × 10-5 Ω•cm, 

was about 25 times that of bulk gold. The films were characterized by UV-vis 

spectroscopy, X-ray photoelectron spectroscopy (XPS), scanning electron microscopy 

(SEM), and atomic force microscopy (AFM).  

 

5.2 Introduction 

The fabrication of metal films using colloidal particles is a well-established 

method. Among the various metal colloids, gold and silver colloidal particles have been 

the subject of many investigations.1-9 Metal colloids have properties that are intermediate 

between individual atoms and the bulk metals. These colloids have been used to assemble 



 74

films from solution and have interesting optical and electrical properties.10-12 Applications 

of these films include, among others, substrates for surface plasmon resonance (SPR) 13 

including biosensing14 and surface-enhanced Raman spectroscopy (SERS).15-17 The 

formation of films with bulk properties has been achieved by building multilayer films 

using linker molecules,18,19 increasing gold coverage by a “seeding” method,20 and 

formation of films using monolayer protected clusters (MPCs).21 Most previous work has 

centered around the formation of films on substrates such as silicon and glass. In a 

previous paper, we have reported a method for fabricating gold films with good 

conductive properties on flexible polymer substrates using a solution-based approach.22 

This provides a cost-effective method for fabricating electrodes for polymer electronic 

devices. 

One method for the fabrication of metal films from solution is the layer-by-layer 

assembly process. Alternate immersion of the substrate in a colloid solution and a linker 

molecule solution is used to build the film. The linker molecules are bifunctional and 

chosen so their end groups have an affinity for the metal. For example, in order to 

fabricate Au or Ag films, the end groups that are usually used are –SH, –NH2 or –CN.  

The substrate is first modified with silanes having these functional end groups. 

Immersion in the gold solution causes Au to be adsorbed onto the substrate. Next, 

immersion in the linker molecule solution causes adsorption of the molecule, which can 

then adsorb more Au. This process when continued leads to the formation of a continuous 

film. Using this method Natan et al.19 have fabricated Au films using different linker 

molecules. The electrical conductivity of the film was found to be related to the length of 

the linker molecule. Films fabricated using short linkers, less than 8 Å, were extremely 

conductive with a visual appearance similar to that of bulk Au. Using longer linker 

molecules, the resistance was found to be 105 times higher. This chapter describes the 

effect of heating on the Au films fabricated on flexible polymer substrates by the layer-

by-layer assembly process. Upon heating the films at temperatures as low as 120 °C, a 

dramatic decrease in the resistance, of more than six orders of magnitude, was observed 

and led to the formation of strongly adherent conductive films. In a recent report, Prevo 

et al.23 have described the flash annealing of Au nanoparticles on glass and polystyrene 

substrates. A convective assembly process, without any linker molecules, was used to 
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deposit multilayers of Au on the substrate in one step. The have observed that flame or 

microwave treatment of the films caused coalescence of the particles and a change in the 

resistance of the films.  

Characterization of the films by field-emission scanning electron microscopy (FE-

SEM) and X-ray photoelectron spectroscopy (XPS) revealed an oxidation and desorption 

of the linker molecules. This causes the coalescence of the Au particles, which form more 

interconnected pathways without the insulating linker molecules, leading to decreased 

resistivities. The heating was done at three different temperatures; 120, 160, and 180 °C 

for different lengths of time. This led to a variety of different resistance values of the 

films. This approach provides an easy method for fabricating Au films with different 

resistivities, and the low temperature processing makes it suitable for use on polymeric 

substrates. Applications of these films are envisaged in the fabrication of flexible 

electronic devices such as electrodes or resistors, and the low cost and easy processing 

makes it attractive for manufacturing.  

 

5.3 Experimental Methods 

Fabrication of Au film The synthesis and deposition of Au colloids has been described in 

detail previously.22 In brief, the polymer substrate is plasma treated and treated with an 

amine terminated silane, which forms covalent siloxane linkages to the polymer 

substrate. The size of the Au colloidal particles is 18 nm as measured by transmission 

electron microscopy. For the fabrication of the multilayer films, the APS coated substrate 

was alternately immersed in the Au solution for 1 h and the linker molecule solution (4 

mM mercaptoethanol (ME) in water, 4 mM 1, 6-hexanedithiol (HD) in ethanol, or 4 mM 

1,10-decanedithiol (DD) in ethanol) for 15 min. This procedure was repeated to form 

multilayers. The length of the linker molecules are 5.7 Å (ME), 11.3 Å (HD) and 16 Å 

(DD). All the heating experiments were performed in an air oven. 

Characterization The resistance measurements on the film were made using both the 

two-point method and a four-point probe. The two-point measurements were made using 

a Sperry DM-350A digital multimeter. The measurements were obtained by touching the 

leads to two points of known separation distance on the film. The resistivity of the films 

was measured using a Mitsubishi Loresta MP MCP-T350 four-point probe and was also 
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computed using the film geometry and resistance. Current-voltage (I-V) curves were 

obtained by a Keithley 236 source-measure unit; contacts were made by two leads 

attached to the films, by touching, about 1 cm apart.  

Care was taken to ensure repeatability of the resistance measurements and reduce 

errors. When using the digital multimeter, the resistance of the probes themselves was 

calibrated and nulled to zero. This ensures that the resistance of the probes was not 

included when measuring the film resistance. Contact was made simply by touching the 

probes on the film surface. Contacts were made at marked points on the film, and the 

resistance did not change after repeated measurements on the same points, even for 

measurements repeated after a few days. The probes were gently touched on the film 

surface, and a slight pressure was applied until a value for the resistance was obtained. 

Applying more pressure did not change the resistance values, although too much pressure 

can tear the film giving inaccurate readings. When using the four-point probe, the 

instrument was calibrated against a control sample prior to taking measurements on the 

films. The contacts were again made at marked points on the sample, and the values were 

reproducible even after repeated measurements. The pressure applied in this case was 

more controlled as the probe was pressed onto the sample as much as the springs on the 

leads would allow, during all the measurements. For all the samples an average of at least 

three readings is reported. 

The heating of the films was characterized by XPS using a Perkin-Elmer 5400 X-

ray photoelectron spectrometer. The spectra were acquired using a Mg anode at an 

operating voltage of 14 kV. All the spectra were corrected with respect to the Au 4f peak 

at 84.0 eV. The surface of the films was observed by a Leo 1550 SEM operating at 5 kV 

accelerating voltage and an in-lens detector and a Nanoscope IIIa atomic force 

microscope (AFM). UV-vis spectra were obtained using a Hitachi U-2001 

spectrophotometer.  

 

5.4 Results and Discussion 

5.4.1 Heating of Au Multilayer Films 

 A decrease in the resistance of the Au multilayer films fabricated using the 

different linker molecules was observed upon heating. The films were heated at three 
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different temperatures, 120, 160, and 180 °C, for different lengths of time in an air oven. 

The change in the resistance for Au-ME, Au-HD, and Au-DD films with time and 

temperature of heating is depicted in Figure 5.1. For the 10-bilayer Au-ME film, the 

resistance change is not much, as the resistance is low to begin with. However, there is a 

decrease observed with time and temperature. The resistance changes for the 10-bilayer 

Au-HD and 15-bilayer Au-DD films are more dramatic. For the Au-HD film the 

resistance drops from ca. 1 MΩ to about 50 Ω after heating. This decrease occurs at 

temperatures as low as 120 °C, however, the time required for the decrease becomes 

greater at lower temperatures. The heating causes the non-conductive Au-DD film to 

become conductive, although the resistance changes are only observed at 160, and 180 

°C. The resistivities of the films (Table 5.1) were measured using a four-point probe or 

were computed using the dimensions of the film (1 cm × 0.5 cm).24 The thicknesses of 

the films was measured by cross-sectional SEM and were 86, 108, and 123 nm for 10-

bilayer Au-ME, Au-HD, and 15-bilayer Au-DD respectively. The lowest resistivities 

obtained, ca. 6 × 10-5 Ω•cm, were about 25 times that of bulk gold (2.4 ×10-6 Ω•cm).  
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Figure 5.1. DC resistance of Au-ME, Au-HD, and Au-DD films as a function of time, 

heated at (a) 120 °C (b) 160 °C (c) 180 °C. 

Table 5.1. Resistivity of Au-ME, Au-HD, and Au-DD films heated at 120 and 180 °C for 

different times  

Resistivity (Ω•cm) 

10-bilayer Au-ME 10-bilayer Au-HD 15-bilayer Au-DD 

 

Time 

120°C 180°C 120°C 180°C 120°C 180°C 

0 2.3 × 10-4 2.3 × 10-4 3.9 3.9 – – 

1 h 1.4 × 10-4 1.2 × 10-4 0.5 0.2 – 2.9 

12 h 1.5 × 10-4 7.5 × 10-5 1.7 × 10-4 6 × 10-5 – 2.4 × 10-4 

 

The amount of Au particles on the surface is also important in changing the 

resistance by heating. Although four-bilayer films of Au-ME and Au-HD are conductive, 

upon heating these films, the Au-HD films were not conductive at all and the resistance 

of the Au-ME films was about a few hundred ohms. This suggests that due to the 

coalescence caused by heating, there are more void spaces in the film and not enough 

connected pathways, as there is less Au, leading to lower or no conductivity at all. Hence, 

10 bilayers were used as the optimum for the experiments on Au-ME and Au-HD. For the 

Au-DD films, heating 10 bilayers was not enough to make the film conductive and a 

minimum of 15 bilayers was required. Control experiments were performed by heating 

films fabricated on glass and Kapton by the seeding approach.22 There was no change in 
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conductivity even after heating the films at 200 °C and no coalescence of the Au particles 

was observed upon imaging the films using tapping mode AFM (see Appendix). In order 

to understand this resistance change upon heating, a number of different techniques were 

employed. 

 

5.4.2 XPS 

 The effect of heating on the films was characterized by XPS. The samples were 

heated at 180 °C for 1 h, 4 h and 12 h. Figure 5.2 shows XPS data (C 1s and S 2p peaks, 

take-off angle 90°) for 10 bilayer Au-HD heated at 180 °C for different lengths of time. 

The unheated sample shows a C 1s peak at 284.6 eV (C-C) and two S 2p peaks at 162.1 

eV and 168.3 eV. The lower energy peak is attributed to S bound to Au as thiolate25-26 

and the higher energy peak is due to an oxidized form of S. It has been observed 

previously that thiol monolayers self-assembled on Au are oxidized when exposed to the 

atmosphere.27 The origin of the higher energy peak is believed to be due to the oxidation 

of the thiol. Upon heating the films, the lower energy peak decreased in intensity relative 

to the higher energy peak. After heating at 180 °C for 12 h, the S 2p peak almost 

disappeared, indicating the desorption of the linker. Similar observations were made on 

the Au-ME films also. For the 15-bilayer Au-DD film, the S 2p peak for the unheated 

sample had a broad peak centered at ca. 163.8 eV, attributed to the Au-S thiolate linkage 

and did not show any higher energy peak. Upon heating the films, an O 1s peak was 

observed, as well as a higher energy peak for S 2p centered at ca. 168.4 eV. Table 5.2 

depicts the S/Au ratio for the three films.  

 

 

 

 

 

 
Figure 5.2. XPS spectra of a 10 bilayer Au-HD film heated at 180 °C for different 

lengths of time a) S 2p b) C 1s (take-off angle 90°).  
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Table 5.2. S/Au ratios for Au-ME, Au-HD, and Au-DD films heated for different times 

and temperatures as calculated from XPS data (take-off angle 90°)  

S/Au 

Au-ME Au-HD Au-DD 

 

Time 

120°C 180°C 120°C 180°C 120°C 180°C 

0 0.09 0.09 0.22 0.18 0.37 0.37 
4 h 0.08 0.04 0.17 0.09 0.45 0.16 
12 h 0.11 0.06 0.14 0.08 0.2 0.13 

 

The C 1s spectra of the heated samples acquired by XPS show the hydrocarbon 

peak at ca. 284.6 eV and also a lower energy peak centered about 282.0 eV (Figure 

5.2(b)). This anomalous peak is attributed to differential charging occurring in the 

sample. Upon using a neutralizer when acquiring the spectra, the Au 4f, C 1s and O 1s 

peaks broadened or narrowed depending upon the energy of the neutralizer, and by 

changing the energy of the neutralizer the lower energy peak in the C 1s spectra was 

removed.  This differential charging indicates the presence of well-connected conductive 

Au regions and regions where the insulating linker molecule has clustered. In the 

unheated sample, the Au and the insulator molecule are evenly distributed and this 

prevents the differential charging. This further demonstrates the desorption of the linker 

molecules from the Au surface leading to coalescence. 

In order to eliminate the differential charging effect, the 15-bilayer Au-DD 

sample heated at 180 °C for 1 h was mounted onto the sample holder using conductive 

silver paint. The XPS spectra were acquired in this case with the neutralizer off. When 

the take-off angle was 90°, three different Au 4f peaks (91.1 eV, 87.7 eV, 84.0 eV) and 

two different peaks for C 1s  (288.4 eV, 285.0 eV) were observed, compared to the two 

Au peaks (87.7 eV, 84.0 eV) and a single C peak (285.0 eV) for the samples that did not 

charge. When the take-off angle was reduced to 15°, only two peaks for Au and a single 

peak for C was observed. The three peaks observed for Au at take-off angles of 90° 

suggest that there are two different layers of Au separated by a layer of linker molecules. 

At 15° take-off angles, when the depth analyzed is smaller, there are only two peaks 
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observed, suggesting that only the topmost Au layer is visible. This hypothesis is 

supported by the observation of two C peaks at greater analyzed depths, and only one at 

lesser depths. Hence, it is reasonable to conclude that upon heating the films, the Au 

particles coalesce together and the linker molecules are separated from the Au particles 

and form separate clusters. These then form separated layers of Au and linker molecules. 

From the XPS analysis of the films, it was observed that the S/Au ratio decreased upon 

heating (Table 5.2). However, the linker molecules are not completely desorbed from the 

surface. So it is possible that the Au particles migrate to the surface upon heating.  

 

5.4.3 SEM/AFM  

Figure 5.3 depicts the SEM images of a 10-bilayer Au-ME film; unheated and 

heated at different temperatures for 12 h. The unheated film has a porous 3-dimensional 

structure and individual spherical Au particles that are clustered together are clearly 

visible. Upon heating at 120 °C, the individuality of the particles is not clearly defined 

anymore and the particles start coalescing. This loss of individuality is clearer when the 

films are heated at 160 or 180 °C. The particles have completely coalesced and the 

spherical shape is lost. The coalescence is improved with increasing temperatures and 

causes better conductivity at higher temperatures. Similar results were obtained for a 10-

bilayer Au-HD film. These results are similar to those obtained by Prevo et al.23 They 

have annealed Au nanoparticles, deposited on glass or polystyrene substrates by a 

convective assembly, using flame or microwave treatment. However, in contrast to their 

observation that prolonged heating times changed the microstructure and caused the 

resistance to increase sharply, heating the Au/linker molecule films for >24 h did not 

change the microstructure further, nor was there any change in the resistance. 

 

 



 82

 

 

Figure 5.3. SEM images of a 10-bilayer Au-ME film (a) unheated, and heated for 12 h at 

(b) 120 °C (c) 160 °C, and (d) 180 °C. 

For the 15-bilayer Au-DD films, the SEM images were different. The formation 

of the film is not complete in all the regions. As seen in Figure 5.4(a), there are regions of 

3-D clusters, indicating regions where the film formation is complete and there are other 

regions where there is not much attachment of the Au particles. The reason for this is not 

clear. However, since all the other conditions for the deposition of the films are the same 

as for the Au-ME and Au-HD films except for the linker molecule, it seems that this 

effect is due to the linker molecule. This low coverage makes the film insulating. Upon 

heating the films at 120 °C, not much change is observed in the surface even after heating 

for more than 12 h (Figure 5.4(b)). No coalescence is observed and the individual 

spherical Au particles are clearly visible in both the regions of 3-D clusters and regions of 

incomplete coverage. This is in accordance with the resistance values, which do not 

change upon heating at 120 °C and the film is still non-conducting. However, upon 

heating at 180 °C there is a coalescence observed, similar to the Au-ME and Au-HD 

films and the resistivity also decreases (Figure 5.4(c)). These observations suggest that 
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for the longer linker molecule, there is less adsorption of Au on the surface and higher 

temperatures are required for the desorption of the molecule as observed in a previous 

study.28 

 

 

 
Figure 5.4. SEM images of 15-bilayer Au-DD films (a) unheated, and heated for 12 h at 

(b) 120 °C (c) 180 °C. 

The films were also characterized by AFM. Figure 5.5 shows a tapping mode 

AFM height image of an unheated 10-bilayer Au-HD film and a film heated at 180 °C for 

15 min. Before heating, the particles are smaller and spherical. After the film is heated, 

the coalescence of the particles is clearly visible. The particles no longer retain their 

original shapes and coalesce to form bigger particles of irregular shape. All the films 

have a high average roughness, between 20 and 40 nm, which do not change significantly 

after heating. 
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Figure 5.5. Tapping-mode AFM height images of a 10-bilayer Au-HD film (a) unheated 

(b) 15 min at 180 °C. 

5.4.4 UV-vis spectroscopy  

UV-vis was another technique that was employed to characterize the coalescence 

process. All the UV-vis spectra were acquired on films deposited on glass. The spectra 

acquired for a 10-bilayer Au-ME film heated at 120 and 180 °C are depicted in Figure 

5.6. For the film heated at 120 °C, a gradual broadening in the spectra is observed with 

increasing time of heating and the color of the sample becomes more purple than a dark 

pink. Upon heating at 180 °C, the opposite effect is observed. The spectra gradually 

become narrower and the color becomes pink rather than purple. A similar observation 

was made by Prevo et al.23 on Au nanoparticle films flash annealed by a flame or 

microwave treatment.  The λmax and full-width at half maximum (FWHM) for the 10-

bilayer Au-ME and Au-HD films are given in Table 5.3, where FWHM is twice the 

difference between λmax and the λ at which absorption is half the maximum. 
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Figure 5.6. UV-vis spectra for a 10-bilayer Au-ME film heated for different lengths of 

time at (a) 120 °C (b) 180 °C. 

Table 5.3. Absorption peak and FWHM values for 10-bilayer Au-ME and Au-HD films 

heated at 120 °C and 180 °C for different lengths of time 

10-bilayer Au-ME 10-bilayer Au-HD 

120 °C 180°C 120°C 180°C 

 

 

Time λmax 
(nm) 

FWHM 
(nm) 

λmax 
(nm) 

FWHM 
(nm) 

λmax 
(nm) 

FWHM 
(nm) 

λmax 
(nm) 

FWHM 
(nm) 

0 612 206 620 176 559 196 557 178 

15 min 624 502 551 220 598 180 542 338 

1 h 645 414 537 156 598 226 529 254 

4 h 626 398 532 146 612 248 533 148 

12 h 558 458 533 136 613 286 530 130 

 
The absorption peak in the UV-vis spectrum for a colloidal Au film occurs due to 

excitations of the surface plasmons. The width of the peak provides information about the 

polydispersity of the particle sizes and the degree of aggregation. When the film is heated 

at 120 °C, the peak first broadens and then narrows slightly. However, the peak for the 

heated film is still broader than the unheated film. The broadening of the spectra is 

associated with aggregation and increase in particle polydispersity.29 As the film is 
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heated, the particles start aggregating. With increase in the time of heating, the 

aggregated particles start coalescing, breaking-up the aggregation. This causes a slight 

narrowing of the peak. For the films heated at 180 °C, the peak width decreases with 

heating. This indicates that the coalescence has already begun within 15 min. The 

continued coalescence breaks up the aggregation, and for samples heated for 12 h, the 

peak is much narrower. Grabar et al.9 have reported that the aggregation of Au colloids 

on surfaces causes a broad plasmon peak at 650-750 nm due to the coupling of the 

interparticle surface plasmons. With an increase in the interparticle spacing or decrease in 

aggregation, this peak disappears. From the SEM images of the heated film (Figure 5.3), 

it is observed that the heated films are less aggregated and more coalesced and hence 

have more interparticle spacing. This causes a narrowing of the peak width. Similar 

results were observed for the 10-bilayer Au-HD film, except that the broadening of the 

spectra for the films heated at 120 °C was lesser than for the Au-ME films.  

For the 15-bilayer Au-DD films, no change in the UV-vis spectra was observed 

upon heating at 120 °C. This is because there is no coalescence occurring as evidenced 

by the SEM images and no change in the resistance. Upon heating at 180 °C, there is a 

continual broadening of the peaks. After heating for 12 h, a very broad peak extending 

from 550 nm to 1000 nm is observed. From the SEM image (Figure 5.4) it is observed 

that although there is coalescence of particles, there are many single particles or small 

clusters observed. This leads to the broadened spectra due to high polydispersity of 

particle sizes. From the above observations it is believed that the coalescence process 

occurs first by aggregation of the particles, following desorption of the linker and 

subsequently the aggregated particles coalesce. These observations suggest that apart 

from the electrical properties, the optical properties of the films can also be tuned using 

this approach. 

 

5.4.5 I-V measurements  

Current-voltage (I-V) measurements were performed on the films to understand 

the nature of the conductivity of the samples. All the films showed linear I-V curves in 

the voltage range measured (-10 V to 10 V), indicating that the resistance is ohmic. There 

was no hysteresis observed in any of the films when repeated measurements were made. 
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The resistance did not change due to heating caused by the passing of current even after 

repeated cycles of measurement. The resistance of the films was measured from the slope 

of the curves and the values measured were in agreement with the resistances obtained 

using the digital multimeter. A representative set of curves are depicted in Figure 5.7. 

The resistance of the films is given by the reciprocal of the slope of the curves (R = 

Voltage/Current). Hence, the higher the slope, the lower is the resistance. From Figure 

5.7(a), it is observed that the film heated for 12 h has the highest slope, hence has the 

lowest resistance. A magnification of the curves for the unheated film and the film heated 

for 1 h is shown in Figure 5.7(b). The slope for the film heated for 1 h is higher than the 

slope of the unheated film, indicating that the resistance for the unheated film is higher. 
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Figure 5.7. Current-voltage curves for a 10-bilayer Au-HD film (a) unheated and heated 

at 120 °C for 1 h, 12 h (b) magnification of the unheated and 1 h curves from (a). 

5.4.6 Adhesion tests  

A qualitative analysis of the adhesion of the Au film to the Kapton substrate was 

made using the tape peel test. An adhesive tape was pressed firmly onto the film and was 

slowly peeled off. The amount of material transferred onto the tape gives an estimate of 

the adhesion of Au to the substrate. For the unheated and heated films, rinsing the films 

in water or ethanol, twisting or bending the film, or rubbing the film manually did not 

remove any gold. However, upon using the tape peel test on the unheated films, a 

significant portion of the film was transferred to the tape, indicating that the adhesion is 

not very good. The adhesion improves greatly upon heating the films. The films heated 

for the longest time or higher temperature had the best adhesion. No significant amount 
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of gold was transferred onto the tape for any of the samples heated at 180 °C for any 

length of time. At lower temperatures, the adhesion improved with longer times of 

heating. These observations are in contrast to those made by Prevo et al.,23 where it was 

observed that the adhesion of the flash annealed Au nanoparticle films to the substrate 

was poorer than the films that were not annealed.   

The improved adhesion is attributed to the better cohesion of gold than adhesion 

to the linker molecules. Examination the tape after the peel test indicates failure within 

the gold film supporting the hypothesis that the adhesion to the linker molecules is not 

good but the adhesion of Au to the surface is good. However, upon heating, the linker 

molecules get desorbed from the Au surface, leading to coalescence of Au. This increases 

cohesion between Au and hence better adhesion to the substrate.  The Tg of Kapton is 

greater than 300 °C and the material is thermally stable for continuous use to about 200-

220 °C (from manufacturer specifications). The temperatures used in this study are much 

lower than that. Heating a bare Kapton film at these temperatures produced no observable 

changes in the film. Cross-sectional transmission electron microscopy images of the films 

before and after heating indicate no penetration of the gold into the polymer film. This is 

not surprising as the polymer is much below its Tg, hence the chains are not mobile. 

 

5.5 Conclusions 

Colloidal Au multilayer films were fabricated on a flexible polymeric substrate 

(Kapton) using three linker molecules having different lengths. Heating the films at 

temperatures as low as 120 °C caused a decrease in the resistance of the films. This 

decrease occurs due to the desorption of the linker molecules, leading to the coalescence 

of the Au particles forming more conducting pathways. As the films are heated, the linker 

molecules desorb causing the aggregation of the Au particles. As the heating is 

prolonged, the Au particles that have aggregated start coalescing causing a decrease in 

the resistance. This hypothesis is supported by the SEM and UV-vis data. At lower 

temperatures the coalescence is not complete, and the particles are mostly aggregated. 

This aggregation can be broken either by increasing the temperature or by increasing time 

at lower temperatures. Apart from the length of the linker molecule, the resistance of the 

films was observed to be a function of the time and temperature of heating and a variety 
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of different resistances can be obtained merely by changing any of these parameters. The 

resistance of the films was found to be ohmic and was not affected by the heating caused 

by current flow even after prolonged cycles of measurement, suggesting that these 

electrodes can be used in small electronic devices. In the temperature range studied, the 

Au-ME and Au-HD films behaved similarly, whereas the behavior of the Au-DD films 

was slightly different. Future experiments may be done in either a nitrogen atomosphere 

or undervacuum to understand the mechanism for desorption, whether it is degradation of 

the molecule or whether it is oxidation. Since this method does not require any 

sophisticated equipment or controlled fabrication conditions, it provides a convenient and 

cost-effective method of fabricating and controlling the electrical and optical properties 

of Au films. The low temperature processing makes it suitable for use on flexible 

polymeric substrates also, apart from substrates such as glass or silicon, and can be 

employed in the fabrication of flexible optoelectronic devices.  
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CHAPTER 6 

ASSEMBLY OF CONDUCTIVE Au FILMS ON POLY(URETHANE UREA) 

ELASTOMERS USING A SOLUTION-BASED APPROACH  

Reproduced from : Supriya, L.; Unal, S.; Long, T. E.; and Claus, R. O. Chem. Mater. 
submitted 

 

6.1 Abstract 

Conductive Au films were successfully assembled on poly(urethane urea) (PUU) films 

using a solution-based approach. This method does not require prior surface 

functionalization before the Au attachment. Immersion of the PUU film in a colloidal Au 

solution immobilizes the Au particles on the surface and the growth increases with time. 

This attachment occurs via strong interactions of the Au with the amine and amide groups 

in the polymer. Three different PUUs with hard segment content 20, 30 and 35% were 

studied. Growth of the films was monitored using UV-vis spectroscopy and scanning 

electron microscopy (SEM). Immersion in the gold solution for long times, or for shorter 

times with subsequent seeding, forms very conductive films. The resistivity of the films 

was 6-8 × 10-5 Ω•cm. Using this approach PUUs can be used as adhesives for the 

attachment of gold to different surfaces. Since the PUUs are highly elastic materials, the 

effect of strain on the resistance was also studied. It was seen that the resistance increased 

as a function of the strain. This change in resistance was reversible and was recovered 

when the material was relaxed. Higher strains of >50% cause the conductive film to 

become completely insulating. However, it becomes conducting again as the film is 

relaxed. Such a switching behavior in the resistance has potential applications in sensors 

and electro-mechanical switches. 

 

6.2 Introduction 

Metallic nanoparticles have emerged as an area of considerable research in recent 

years.1,2 These materials have properties that are in between that of the bulk and of a 
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single atom and hence can be utilized advantageously in many applications.  Some of 

these applications include catalysts,3 fabrication of single electron transistor devices,4,5 

optical sensing and imaging materials6 and biological sensor materials,7 among others. 

Many efforts are being directed towards the controlled synthesis of nanoparticles of 

different sizes and shapes,8-11 and tuning their properties.12-16 Colloidal particles have 

been extensively studied in solution, and more recently their properties on surfaces are 

also being investigated. Doron et al.3 have used Au monolayers on indium-tin oxide 

surfaces to form substrates for assembling redox active species. Brust et al.17,18 have 

assembled Au films using dithiol linkers and have investigated the electronic and optical 

properties these films. Electrochemical properties of Au-dithiol films have been 

investigated by Lu et al.19 

Au and Ag colloidal films have received considerable attention, especially in their 

use as substrates for surface plasmon resonance (SPR)20 and for surface enhanced Raman 

spectroscopy (SERS).21,22 Natan and co-workers have investigated the solution-based 

assembly of Au and Ag colloids on substrates such as glass and silicon.23,24 They have 

used two approaches to deposit colloidal films on the substrates. One is a seeding 

approach,25,26 in which, Au is reduced onto the particles already attached to the surface to 

increase coverage. The other involves the use of a bifunctional linker molecule, and 

multilayer films are built up by alternate immersion in the colloid solution and linker 

molecule solution.27 In another approach Murray and coworkers have utilized Au 

particles stabilized with organic molecules (monolayer protected clusters) to deposit 

metal films on glass substrates.28 The films were either assembled using a layer-by-layer 

method, or were drop-cast onto glass slides. Thermolysis of the materials at ~300 °C gave 

adherent metal films. In a recent report, Prevo et al.29 have demonstrated the assembly of 

a Au film on glass and polystyrene substrates using convective assembly, which does not 

require any prior surface modification. 

The strong attachment of colloidal particles on surfaces usually requires the 

presence of functionalities on the surface that have an affinity for the particle, such as –

SH, –NH2, or –CN for Au and Ag particles. This is achieved by the deposition of silanes 

with these terminal functional groups, which act as a molecular adhesive. On substrates 

such as glass and silicon, the deposition of silanes is facilitated by the hydroxyl groups 
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present on the surface. These in the presence of a little moisture, can react with the 

silanes to form a covalent siloxane linkage. In previous reports, we have described 

methods for the fabrication of conductive Au films on flexible polymeric substrates.30 In 

this case, the polymer surfaces have to be functionalized prior to silane deposition and 

this was achieved by a plasma treatment. The ability to fabricate metal films on flexible 

polymeric substrates using solution-based methods, as opposed to conventional 

techniques such as sputtering or vacuum deposition has a number of advantages. 

Conventional methods use expensive equipment and controlled conditions, which lead to 

increased costs of fabrication. Nanometer-scale control over properties is difficult to 

achieve. They also require the deposition of adhesion promoters such as Ti or Cr in the 

case of Au deposition, leading to problems including grain-boundary diffusion.31,32  

In our previous studies, the polymeric substrates used were commercially 

available Kapton and polyethylene. Segmented polyurethanes (PU) and poly(urethane 

urea)s (PUU) are a class of polymeric materials that are widely used as high performance 

elastomers, fibers, coatings, adhesives, and biomaterials.33,34 Chemical composition of 

thermoplastic PUs and PUUs that consists of alternating soft and hard blocks gives 

researchers the flexibility to tune the mechanical and thermal properties of PUUs.35 For 

example, the high performance of PUU elastomers is attributed to the microphase 

separation between the hard and soft blocks, and the strong hydrogen bonding 

interactions within urethane or urea hard blocks.  In such segmented copolymers, 

polyether, polyester, or polydimethylsiloxane oligomers that have low glass transition 

temperatures form the soft segment.        

In order to investigate the attachment of Au on flexible substrates further, 

experiments were conducted on PUU films. In this chapter, the attachment and properties 

of Au films on PUU substrates have been studied. Conductive films of Au were deposited 

using the seeding method. The films were characterized by UV-vis spectroscopy and 

scanning electron microscopy (SEM). A significant advantage over the fabrication of Au 

films on other substrates is the elimination of the silane deposition step. Urea and 

urethane segments in the PUU backbone act as the attachment points for the Au particle. 

Hence, the PUU film can be directly immersed in the Au solution without the deposition 

of any other functionalities. The mechanical behavior of the Au coated films has also 
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been studied. The electrical properties of the Au film as a function of strain were 

investigated and the resistance of the film was observed to be a strong function of the 

strain.  

 

6.3 Experimental Methods 

Materials For the synthesis of the Au nanoparticles, gold chloride trihydrate 

(HAuCl4•3H2O), chlorotrimethylsilane, hydroxylamine hydrochloride, and sodium citrate 

dihydrate, were purchased from Aldrich. All the chemicals were used without further 

purification. For the synthesis of PUUs bis(4-isocyanatohexyl)methane (HMDI, 99.5+%) 

was kindly donated by Bayer.  Poly(tetramethylene oxide) oligomers (Terathane) with 

number average molecular weights (Mn) of 2000 (PTMO-2k) and 2900 g/mol (PTMO-

2.9k), and 2-methyl-1,5-diaminopentane (Dytek-A) were kindly donated by Du Pont.  

Solvents, HPLC grade isopropyl alcohol (IPA, EM Science) and tetrahydrofuran (THF, 

Aldrich) were used as received. 

Synthesis of PUU Linear PUU elastomers were synthesized with three different hard 

segment contents, 35, 28, and 20%, which are denoted as PUU-35, PUU-28, and PUU-20 

(Table 6.1).  Hard segment content is reported as the weight percentage of urethane and 

urea groups in the composition; HS%=100*(HMDI+Dytek A)/(HMDI+Dytek 

A+PTMO).  A two-step methodology, prepolymer synthesis and chain extension was 

used to synthesize PUU elastomers.  The prepolymer, which consists of isocyanate 

terminated PTMO was synthesized via the reaction of excess HMDI with PTMO 

(PTMO-2k or PTMO-2.9k) at 80 ºC, in the presence of 50 ppm dibutyltin dilaurate as 

catalyst.  The hard segment content governed the molar ratio of HMDI to PTMO in the 

prepolymer synthesis.  For the synthesis of PUU-35 and PUU-28, PTMO-2k was used.  

In order to achieve a lower hard segment content and synthesize PUU-20, PTMO-2.9k 

was used in the first step.  Upon the synthesis of prepolymer, the reaction was cooled 

down to room temperature and dissolved in THF to 20 wt% solution.  A solution (10 

wt%) of Dytek A, the chain extender, was prepared in an addition funnel, using equal 

stoichiometric amount of amine to residual isocyanate in the prepolymer.  The second 

step, chain extension was completed upon the dropwise addition of Dytek A solution into 

the prepolymer solution over 2 h.  Highly viscous, clear solution of the final product was 
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obtained.  Both the first and the second step reactions were followed by FT-IR 

spectroscopy.     

Fabrication of PUU film The PUU films were solvent cast from THF/IPA on nylon-6 or 

Teflon molds. The films were kept at ambient conditions for about 6-8 h and then heated 

at 60 °C in an oven for ~12 h or until a constant weight was achieved. The films on 

Teflon were removed easily by peeling off. However, for the films cast on nylon this was 

difficult. Hence, the films were immersed in water for about 3-4 h to facilitate removal of 

the film. All films were ultrasonicated in water prior to Au deposition.  

Fabrication of Au film The Au particles were synthesized using previously described 

methods.30 The size of the particles was ~18 nm as measured by transmission electron 

microscopy. After ultrasonication in water, the solvent-cast PUU films were immersed in 

the colloidal Au solution for 6-24 h and rinsed thoroughly in Nanopure water (18 MΩ 

from a Barnstead nanopure water purifier). Further gold was reduced onto the attached 

gold by suspending the gold-coated samples in a 200 ml solution of 2.6 mg 

hydroxylamine and 20 mg HAuCl4•3H2O under constant agitation for 30 min. This 

procedure was repeated twice to achieve a continuous, conductive film. 

Characterization of the Au films The surface of the PUU films was characterized by a 

Perkin-Elmer 5400 X-ray photoelectron spectrometer. The spectra were corrected with 

respect to the C 1s peak at 285.0 eV. The growth of the Au films was characterized by 

UV-vis spectroscopy using a Hitachi U-2001 spectrophotometer and by scanning electron 

microscopy using a Leo 1550 field emission scanning electron microscope (FE-SEM), 

operating at an accelerating voltage of 5 kV. The dc resistance of the films was measured 

using the two-point method by touching the leads of a digital multimeter (Sperry DM-

350A) to two points on the film. The resistance and resistivity of the films were also 

measured using a four- point probe (Loresta MP MCP T-350). Current-voltage curves 

were obtained using a Keithley 236 source-measure unit; contacts were made by two 

leads attached to the films, by touching, about 1 cm apart.  

Mechanical tests Stress-strain measurements were performed using the ASTM standard 

D638.36 Dogbone samples of specified dimensions were cut from the cast PUU films and 

were coated with Au. All the tests were performed at a strain rate of 0.083 mm/s. The 

stress-strain and resistance-strain measurements were performed on a Stable 
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Microsystems' Texture Analyzer, model TAXT plus with a 50 kg load cell and a 

resistance module that can measure up to 20,000 ohms.  For measuring the resistance, 

two leads were attached to the sample either using conductive Cu tape or simply touching 

the sample, separated by a known distance. This was usually in the narrow region of the 

dogbone, and was about 2 cm apart. Care was taken not to put extra stress on the sample 

while attaching the leads.  

 

6.4 Results and Discussion 

6.4.1 Synthesis of PUU Elastomers  

PUU elastomers were synthesized using a conventional two-step methodology, 

prepolymer synthesis and chain extension. In PUU type segmented copolymers, hard 

segment content, which is described by the weight percent of the urea and urethane 

groups, is commonly used to describe the chemical composition.  Urethane and urea 

groups are capable of forming monodentate (in the case of urethane) or bidentate (in the 

case of urea) type hydrogen bonding.  As the hard segment content is increased, the 

hydrogen bonding capability, therefore the tensile strength of PUU elastomers, is 

expected to increase.  In our synthesis, urethane and urea groups were spaced by short 

alkyl chains, forming the hard segment.  On the other hand, a polyether oligomer, PTMO 

formed the soft segment (Figure 6.1).  In order to investigate the influence of the hard 

segment content on the Au adhesion and the mechanical performance of Au coated PUU 

elastomers, the hard segment content was varied systematically from 35 to 20 wt%. The 

composition of the polymers is shown in Table 6.1. 
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Figure 6.1. Chemical structure of linear PUU elastomers consisting of alternating soft 

and hard segments. 
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Table 6.1. Chemical compositions of linear PUU elastomers 

Soft Segment Hard Segment   
Sample PTMO 

Mn (g/mol) 
Amount 

(g) 
HMDI 

(g) 
Dytek A 

(g) 
HS (%) 

PUU-35 2000 65.00 26.87 8.13 35 
PUU-28 2000 72.00 22.30 5.70 28 
PUU-20 2900 80.00 16.08 3.92 20 

 

6.4.2 Growth of Au films  

The attachment of Au colloidal particles to surfaces usually occurs via the strong 

interaction of Au with functional groups such as –SH and –NH2. On most surfaces these 

groups have to be introduced using different methods. One of the most common methods 

of performing this is by the attachment of silanes with these different terminal functional 

groups.24 The silanes react with –OH groups on the surface to form siloxane linkages 

with the functional groups on the outside. The –OH groups are present on surfaces such 

as glass or silicon, and can be introduced on polymeric surfaces using a plasma treatment. 

In a recent study, Mangeney et al.37 have reported that hydrophilic 

polyacrylamides end-capped with disulfides can be covalently attached to Au particles in 

solution to form stabilized polymer-coated particles. In another study, the surface of 

polybutadiene was modified by the addition of different sulfur-containing functional 

groups.38 Evaporated Au and Cu films adhered better to the modified polymer films 

compared to the unmodified films. Au films were reported to adsorb better onto 

poly(vinyl pyridine) (PVP) films compared to polystyrene (PS) films.39 This is attributed 

to the stronger interaction of Au to the PVP compared to PS. A recent study by Tarazona-

Vasquez and Balbuena40 has characterized the complexation of the metal atoms and ions 

to poly(amidoamine) (PAMAM) dendrimers using ab initio techniques. The binding 

energies of different metal atoms and ions to the core, amine and amide binding sites 

were determined. The results were a high negative binding energy of Au(III) (-872.9 and 

-827.0 kcal/mol for amine/core and amide respectively) and Au atom (-8.3 and 3.3 

kcal/mol for core/amine and amide respectively) to the amine/core and amide sites. The 

primary coordination is to the amine N and a secondary coordination to the amide N. 

Both of these interactions produce a co-operative effect in binding the atom or ion to the 
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dendrimer. An experimental study reported that the adhesion of Au onto Si substrates was 

significantly enhanced when a thin film of PAMAM dendrimer was coated onto Si.41 

These results suggest that Au can bind to the amine and amide groups in the PUU 

polymers also in a similar manner, without any surface functionalization for Au 

attachment. 

In our study, linear amine-terminated PUU films were used. Films of the polymer 

were solvent cast on Teflon and nylon-6 molds from a solution of THF/IPA. The films 

cast on Teflon could be removed easily. However, the Au attachment was very poor. X-

ray photoelectron spectroscopy (XPS) of the film revealed presence of fluorine, which 

inhibits the attachment of Au. Hence, all the films used in the study were cast on nylon-6 

molds which were presumed to promote urethane and urea groups on the surface. The 

films were dried at ambient conditions and in an oven at 60 °C until constant weights 

were achieved. Due to the strong hydrogen bonding interactions between the PUU film 

and the nylon mold, it was difficult to remove the film. So the films were immersed in 

water for 4-5 h, when the films could be easily removed. Subsequently, the films were 

sonicated in nanopure water to remove any impurities or small molecules that might 

coagulate the Au solution. Omission of the sonication step resulted in the coagulation of 

the Au solution in all cases.  

Linear PUUs with hard segment contents 35, 28 and 20 wt% were studied. For all 

the three compositions, there was a good attachment of Au and no significant difference 

was observed. The growth of Au was characterized using UV-vis spectroscopy and SEM. 

Figure 6.2 shows the absorbance spectra of Au on PUU-35 as a function of time. The 

absorbance increases rapidly with time and there is a slight red-shift of the absorbance 

peaks, indicating aggregation of the particles. The inset depicts a plot of the absorbance at 

580 nm as a function of time. The increase in the absorbance is linear up to about 10 min, 

after which it increases much more rapidly. After 12 min, the absorbance was so high that 

it was beyond the range of our instrument. Figure 6.3 depicts the SEM images of the Au 

on PUU-35 taken after different times of immersion in the Au solution. After 10 min, the 

surface is decorated with the Au particles. These are mostly individual and there is very 

little clustering. After 30 min, there is increased surface coverage and more aggregation. 

Immersion for 1 h produces increased surface coverage and some areas of 3-dimensional 
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coverage also begin to appear. The surface after immersion for 2 h shows a porous 3-

dimensional film with very good surface coverage. Increased times of immersion did not 

significantly change the surface. The adsorption of Au to PVP surfaces was described by 

an irreversible diffusion-limited model.42 A similar mechanism is believed to be 

occurring in this system also. Other studies by Sastry and co-workers on the kinetics of 

adsorption of Au to amine-terminated self-assembled monolayers depict two distinct 

regions: first a linear increase in the mass of adsorbed particles with time and 

subsequently a plateau where there is no increase in mass with time.43,44 This corresponds 

to our observations that the morphology of the surface did not change significantly with 

longer immersion times.  

 

 

 

 

 

 

 

Figure 6.2. UV-vis absorbance spectra as a function of time for Au on PUU-35 (the 

numbers indicate time in minutes). Inset: Absorbance at 580 nm as a function of time. 

 

 

 

 

Wavelength (nm)

500 600 700 800

A
bs

or
ba

nc
e 

(a
.u

.)

0.0

0.5

1.0

1.5

Time (min)

0 2 4 6 8 10 12 14
Ab

so
rb

an
ce

 (a
.u

.)
0.0

0.5

1.0

1.5

2.0

2 

4

6

8

10



 99

 

 

Figure 6.3. SEM images of Au attached on PUU-35 after immersion in Au solution for 

(a) 10 min, (b) 30 min, (c) 1 h, (d) 2 h. 

6.4.3 Seeding  

Although the Au films formed by immersion had good surface coverage, longer 

immersion times of more than two days were required to achieve good conductivity. 

Another approach to obtain good conductivity at shorter immersion times is the “seeding” 

method. This involves the reduction of more gold onto the gold already attached to the 

surface. Figure 6.4 shows the SEM images of the Au film after seeding once and twice. 

After seeding, the particles lose their spherical shape and become more irregular in shape 

and there is increased surface coverage. Seeding the film two times transforms the porous 

films to an almost continuous film with very little porosity. This process increases the 

number of conducting pathways and improves the electrical properties of the film 

dramatically. Elimination of the silane deposition step is an important advantage over the 

previous methods of solution-based Au film fabrication. This method is extremely 

simple, requires no sophisticated equipment or controlled conditions and can be 

performed on a laboratory bench-top. The good attachment of Au to PUU suggests that 

PUU can be used as an adhesive for gold. We have utilized this in the fabrication of Au 

electrodes for Nafion-based polymeric transducers. 



 100

 

Figure 6.4. SEM images of Au on PUU-35 seeded (a) once (b) twice. 

 

The resistivity of the Au films on linear PUU-20, PUU-28 and PUU-35 are 8 × 

10-5 Ω•cm, 7.3 × 10-5 Ω•cm and 4 × 10-3 Ω•cm respectively after seeding once. For the 

PUU-20 and PUU-28 extremely low resistivities were obtained only after seeding once. 

For the PUU-35 low values were obtained after seeding twice (6.6 × 10-5 Ω•cm). The 

lowest resistivities obtained are only about 30 times that of bulk Au (2.4 × 10-6 Ω•cm). The 

resistance of the films was also measured using I-V curves (Figure 6.5), which are linear 

in the voltage range measured indicating that the resistance is ohmic. The resistance is 

calculated as the reciprocal of the slope of the curve. 
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Figure 6.5. I-V curve for Au on PUU-35. 
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6.4.4 Adhesion 

 The Au films had extremely good adhesion to the polymer substrates. Rubbing 

the film manually, twisting, bending, or rinsing the film in water or other solvents did not 

remove the film. The adhesion strength of the films was also determined qualitatively 

using the tape-peel test. An adhesive tape (Scotch, 3M) was pressed firmly onto the film 

and was slowly removed. The amount of Au attached to the tape gives an indication of 

the adhesion strength of the film. For all the polymer substrates, a negligible amount of 

Au was transferred onto the tape for Au before or after seeding, indicating good adhesion 

of Au to the substrates. This good adhesion of the Au particles to the substrates is 

attributed to the high binding energy of Au to the amine or amide groups, as discussed 

before. The adhesion of these films are comparatively better than for the Au films 

deposited on other polymers using silane surface functionalization reported earlier.30 

Previous studies by Schull et al.42 on the attachment of Au on poly(vinyl pyridine) 

surfaces have reported that the Au particles are partially embedded into the polymer 

matrix. It is possible that a similar phenomenon is occurring here also as the polymer is 

above its Tg at room temperature and the chains are mobile, permitting the Au particles to 

partially penetrate the surface. This could contribute to the enhanced adhesion.  

 

6.4.5 Mechanical Tests 

 The resistance of any material varies linearly with its length if the cross-sectional 

area remains a constant. This concept is used in some types of strain gauges to determine 

strain by measuring a change in the resistance, where the area is minimized compared to 

the length. For all materials, the Poisson’s ratio governs the change in cross-sectional 

area as a function of the change in the length. For elastomeric materials such as PUU, the 

Poisson’s ratio is ~0.5 indicating that the change in the longitudinal direction (the length 

in this case) will be more than the change in the transverse direction (the cross-sectional 

area). Hence, there will be an increase in the resistance as the material is stretched. PUU 

elastomers generally display 1000 to 1200% elongation. In order to understand the 

behavior of the Au film under strain, mechanical tests were performed.  
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 It was observed that as there is an increase in the strain of the sample, there is an 

increase in the resistance of the Au film also (Figure 6.6). This resistance increase is 

almost linear up to about 20% strain. After that it becomes more exponential and after 

about 50% strain there is no conductivity in the film. As the sample is relaxed the film 

starts conducting again. The resistance of the film at the beginning is about 0.75 Ω. After 

it was stretched to the point where there is no conductivity and was allowed to relax, the 

resistance measured immediately was about 11 Ω. After letting the sample relax for about 

5 min, the test was performed again. After this stretch, the resistance immediately after 

allowing it to relax was about 20 Ω. The resistance measured after allowing the sample to 

relax for about 7 h was 10 Ω. These results suggest that there is hysteresis in the 

resistance behavior similar to the hysteresis in the stress-strain behavior.  
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Figure 6.6. Stress of Au-PUU film and resistance of Au on PUU-35 as a function of 

strain. The line for the resistance plot is just an aid to the eye. 

 

Figure 6.7 depicts the hysteresis curves for stress-strain and resistance-strain 

measurements. The sample was repeatedly stretched and relaxed for 10 cycles, up to 20% 

strain, which is just above the elastic region of the PUU material. The curves shown are 

for cycles 1, 5, and 10. Similar to the hysteresis in the stress-strain curves, there is a 

hysteresis in the resistance-strain curves also. Just as the material never comes back 

completely to its original length, the resistance also never comes back completely to its 

starting value. The area under the first hysteresis curves for both the stress-strain and 

resistance-strain are largest. Subsequent curves have smaller areas. This suggests that 
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with increasing number of cycles, the hysteresis in both the stress-strain and resistance-

strain curves will become smaller and smaller until they reach a steady value. 
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Figure 6.7. Hysteresis curves for stress-strain and resistance-strain measurements (the 

numbers indicate the number of cycles). 

 

As the polymer substrate is stretched, the Au particles that were initially touching 

are pulled further apart because Au is not as elastic as the polymer (Figure 6.8). This 

breaks the conducting pathways, where some particles are still touching and some are 

not, leading to an increase in resistance. However, the film is still conducting even 

though the particles may not be touching, probably by mechanisms such as electron-

hopping or tunneling.5,18 After stretching for 50-60% the original length, the particles are 

so far apart that the film becomes insulating. When the film is relaxed, the particles start 

coming closer and touching leading to the recovery of electrical conduction.  
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Figure 6.8. Schematic illustrating the change in the film structure causing change in 

resistance upon stretching and relaxing (the film is actually comprised of irregularly 

shaped Au particles; the circles are shown here are merely illustrative). 

 

After the film is stretched above 50% strain, there is visible cracking of the Au 

film. Figure 6.9 depicts the SEM images of the Au film after it has been stretched and 

allowed to relax. Cracks are visible in the film and the direction of the cracks is both in 

the stretch direction as well as the perpendicular direction. Volynskii et al.45,46 have 

studied the effect of stretching metal films coated on polymer substrates. A similar 

cracking of the films was observed. When the film is stretched, there is a lateral 

contraction. Since the Au film is not elastic, cracks are formed in the direction of stretch 

to relieve the stress. When the film is allowed to relax, there is a lateral expansion, 

causing the film to crack in the direction perpendicular to stretch. In some areas the film 

starts peeling off starting at the cracks.  

 
Figure 6.9. SEM image of Au on PUU-35 after stretching to 50% and relaxing. SD 

indicates the stretch direction. 
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The increase in resistance, which is gradual at low strains, becomes exponential at 

higher strains and after a certain value there is a sharp reversible transition from 

conductive to insulating film. This suggests that the Au-coated PUU films can be used as 

switches that go on or off depending upon the strain. Figure 6.10 depicts the stress-strain 

and resistance-strain curves of a film that was prestrained to 45%. Then it was stretched 

between 50 and 75% strain for five cycles. For the first cycle the material became 

insulating at about 70% strain and regained conductivity at about 57% strain. For 

subsequent cycles, the on-off behavior was between 50 and 60%. The large difference in 

the first cycle is due to the big hysteresis curve. As the number of cycles increase, the 

smaller hysteresis loops cause a smaller difference in the on and off positions.  After a 

sufficient number of cycles, the on and off position of the film will reach a steady value, 

as the hysteresis curves also will. This is a very interesting behavior observed in this type 

of conductive film, which to our knowledge has not been reported before. Applications of 

this phenomenon are envisioned in the fields of sensors, switches for flexible mechanical 

devices and other such areas.  

 
Figure 6.10. Stress-strain and resistance-strain curves for Au on PUU-35 showing the 

switching behavior in resistance. The off and on positions are marked for the first cycle 

(arrows indicate increasing number of cycles). 
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6.5 Conclusions 

The deposition of a conductive Au film on flexible PUU using a solution-based 

method has been successfully demonstrated. This eliminates the polymer surface 

functionalization by silanes to promote the attachment of Au, which is the standard 

method that is used to attach Au particles on surfaces. This is possible due to the high 

affinity of Au to the urea-urethane groups in the polymer backbone. The Au is attached to 

the surface simply by immersion in the colloidal gold solution for a few hours. This 

provides a very simple and inexpensive method of formation of conductive films on 

polymer surfaces with extremely good adhesion. This method can also be used on other 

polymers that have –SH, –NH2 or other groups with affinity for Au, either in their 

backbone or as end-groups. The formation of conductive films on elastomeric materials 

has the advantage of studying the properties of the film at different mechanical strains. 

This led to some interesting observations. The electrical resistance of the film increased 

as a function of strain, the increase being linear up to about 20% strain and rising 

exponentially after that, until it becomes completely insulating. However, this change is 

reversed upon relaxing the film and it becomes conducting again. The transition of the 

film from conducting to insulating and vice-versa is sharp. Potential applications of this 

on-off switching behavior are in the fields on sensors and flexible switches.  
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CHAPTER 7 

ASSEMBLY OF Au ELECTRODES ON POLYMERIC SENSORS AND ACTUATORS 

USING A POLY(URETHANE UREA) LINKING AGENT 

Reproduced with permission from: Supriya, L.; Akle, B.; Leo, D.; Claus, R. O. IEEE 

Sensors J. submitted, Copyright IEEE. 

 

7.1 Abstract 

Ionic polymer actuators are composed of Nafion-117 membranes with platinum 

electrodes plated on the surface. In this study, the Pt layer is replaced by a patternable 

self-assembled Au electrode. Conductive Au films were assembled from solution on the 

transducer membrane. This was achieved by using a thin poly(urethane urea) (PUU) film 

as the linking agent. Au can attach well to the PUU film and further reduction of Au on 

the surface gave films with good electrical properties. A thin layer of the PUU was 

painted on the surface to decrease its resistivity. Another method of adding single-walled 

carbon nanotube fillers to the linking agent was proved inefficient. Diluting the PUU 

solution painted on the electrode decreases the thickness of this layer. Hot pressing the 

PUU linking agent at elevated temperatures (210 °C) decreased its resistivity while 

preserving good surface conductivity. Transducers built using this method generated 

strains comparable to that with Pt electrode. At 0.75 Hz both samples were bending with 

740 µε/V, while the control sample was bending with 340 µε/V at 10 Hz compared to 

280 µε/V for the hot-pressed sample. Decreasing the concentration of the PUU solution 

to 1% (w/w) generated transducers with half the strain capability compared to the Pt-

plated sample. Diluting the solution further increased the surface resistance of the 

electrode from 5 Ω to 22 MΩ, leading to a loss of actuation. The impedance of the 

actuators was measured and found to correlate with the predicted resistance trend in the 

PUU layer. Finally, a transducer with patterned electrode was successfully built. 
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7.2 Introduction 

Sensors and actuators based on polymeric materials have experienced a rapid 

growth in the past few decades; the big area of research being in the field of artificial 

muscles and medical applications.1 Polymeric materials have the advantage of being 

biocompatible and much more tailorable than the conventional devices based on silicon 

or other such materials. Several researchers have shown that these polymer membranes 

can function as electromechanical actuators and sensors.2-4 Generally, there are two 

classes of polymeric sensor-actuator devices; one, based on conducting polymers5 and the 

other based on ionic-polymer metal composites (IPMCs).6 In conducting polymer 

devices, the volume change that the polymer undergoes upon electrochemical oxidation 

and reduction is the cause of actuation. IPMCs undergo strong bending on application of 

an electrical field; and IPMCs require an electrode for transmitting the signal into and out 

of the system. Typically, an ionic polymer transducer is made by plating an ion-exchange 

membrane (usually Nafion, a product of DuPont) with two conductive electrodes. In this 

state the membrane will bend towards the anode when a voltage is applied across its 

thickness. Similarly, the polymer will generate charge when deformed, and hence could 

be used as a displacement or velocity sensor. Ionic polymer transducers have the 

advantage of being able to generate large strains under the application of voltages on the 

order of <1V to 5V, are compliant and thus compatible with conformal structures, and 

have a very high sensitivity to motion when used in charge sensing mode.  One of the 

salient features of ion-exchange membranes is selective ion conduction. The ionic 

conductivity of the ion-exchange membrane gives rise to its electromechanical coupling 

properties, and ion-exchange membranes are polyelectrolytes which are mainly utilized 

in hydrogen and methanol fuel cells.  

Ionic polymer transducers are plated with platinum electrodes using an electroless 

chemical process,7,8 and a thin gold layer (~1µm) is later electroplated on the surface. A 

recent direct-assembly method developed by Akle et al.9,10 consists of building two 

electrodes made of a mix of an ionomer solution and a high surface area conductor (such 

as RuO2, Pt, carbon nanotubes, etc.). The electrodes are attached to the membrane by 

melt pressing. These high surface area electrodes have low surface conductivity, and 

therefore a conductive overlayer is required. Transduction mechanism in ionic polymer 
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transducers is still under debate. A common feature between all models suggests that 

ionic motion gives rise to transduction properties. Upon the application of an electric 

stimulus across the actuator, an electric double layer will form on the conductor-ionomer 

interface. Electric double layer theory suggests that increasing this interfacial area will 

mobilize more ions and therefore enhance transduction.10 

Solution-based assembly of Au on flexible polymeric substrates leading to 

conductive Au films has been demonstrated before.11,12 Conductive Au films were 

deposited on substrates such as Kapton and polyethylene. These films had very low 

surface resistance (1 Ω/sq) and good adhesion to the substrate; hence these films can be 

used as electrode materials. Solution-based assembly of electrodes has the advantage of 

keeping the ionic polymers in a hydrated state during the electrode assembly process, and 

hydration is required for the actuation and sensing behavior of ionic polymer transducers. 

Since this procedure of electrode assembly is a completely surface-based approach, 

(compared to the conventional platinum electroless method), it can also lead to the 

fabrication of patterned electrodes. Patterned electrodes can be obtained by using a mask 

to prevent Au attachment on specified regions on the surface.  In a previous report we 

have described the fabrication of Au electrodes using self-assembly on Nafion actuators 

and sensors.13 Although the materials showed actuation and sensing behavior, the 

adhesion of the electrodes to the substrate was poor and after a few cycles of transduction 

the electrode debonded from the surface.  

In this study, the direct assembly process is implemented to increase the 

performance of the transducers, and a thin layer of a linear amine-terminated 

poly(urethane urea) (PUU) elastomer is used as a linking or adhesive agent to enhance 

the adhesion properties of the electrode. Au particles can attach to the amine and amide 

groups in the PUU without the use of linker molecules, such as was used on Kapton and 

polyethylene. A monolayer of Au thus formed can serve as the starting layer for the 

seeding process to form electrodes.14 This chapter describes the fabrication of Au 

electrodes using PUU as the linking agent and the transduction behavior of Nafion using 

these materials as electrodes. The direct assembly approach is incorporated for the 

fabrication of the electrode.  
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7.3 Experimental Methods 

Fabrication of electrodes The direct-assembly process consists of first dissolving the 

polymer into an alcohol solution. In this study, a 5 wt% polymer solution (Nafion-1100) 

was used. The next step in the process is to mix a high surface area anhydrous RuO2 (3-5 

nm, Alfa-Aesar) metal powder with the polymer solution. The mix is sonicated and 

stirred for approximately 1 h to ensure homogeneity and dispersion of the metal grains. 

The ink solution is painted in several layers on two Teflon-reinforced glass fabric named 

Furon. The sample is placed in an oven at 130 °C for 15 min after painting each layer. 

The resulting decals are then hot pressed at 210 °C and a pressure of 3000 psi on a 

Nafion-117 membrane (180 µm thickness). This step causes the adhesion of the electrode 

to the membrane surface. Prior to the hot pressing, the membrane cation is exchanged to 

Na+ by boiling it in NaOH for 1 h, boiling in deionized water for 1 h, and drying in the 

oven under vacuum for more than 3 h. The cation exchange to Na is necessary to avoid 

charring of the membrane during the melt press stage.9,10,15 After the membranes have 

cooled down, the mesh is detached from the composite, and a very thin layer of PUU is 

painted on each surface. 

The colloidal Au solution was synthesized by the reduction of gold salt by sodium 

citrate. A detailed description of the synthesis has been given before.11 The size of the Au 

particles was 18 nm as measured by transmission electron microscopy. The prepared 

PUU-coated Nafion is immersed in the Au solution overnight. After thoroughly rinsing 

the substrate in Nanopure water (18 MΩ from a Barnstead Nanopure water purifier), 

more Au is reduced onto the Au already attached by the seeding process. The samples are 

suspended in a 200 ml solution of 2.6 mg hydroxylamine and 20 mg HAuCl4•3H2O under 

constant agitation for 30 min. This procedure was repeated two times to achieve a 

conductive film.  

The control samples are assembled following a slightly different scheme. Instead 

of painting a layer of PUU and then solution plating with Au, a surface layer of Pt is 

added using an electroless chemical reduction process known as the impregnation-

reduction method.8 Traditionally ionic polymer transducers are assembled using this 

impregnation-reduction method. Adding the high surface area RuO2/Nafion electrode has 

been proved to enhance actuation.9 A layer of gold is usually electroplated on the surface 
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to further increase the conductivity. 

Characterization of the Au films The Au coated films were imaged by field-emission 

scanning electron microscopy (FE-SEM) using a LEO 1550 microscope operating at 5 

kV accelerating voltage. The resistance of the film was measured either by a two-point 

probe method using a digital multimeter (Sperry DM-350) or using a Loresta MP MCP-

T350 four-point probe. Current-voltage (I-V) measurements were performed using a 

Keithley 236 source measure unit.  

Electromechanical Characterization The materials fabricated in this work are 

characterized as electromechanical transducers using three test procedures.  The samples 

used for these tests are 3 mm x 30 mm rectangular transducers held in a cantilevered 

configuration in a clamp with fixed gold electrodes (Figure 7.1).  The free length of the 

transducer is 19 mm.  The thickness of the transducer varies between approximately 0.25 

mm and 0.28 mm depending on the number of electrode layers and the duration of the hot 

pressing.  For the first test a random voltage with a RMS magnitude of 1 V is applied to 

the sample using a Fourier analyzer and amplifier.  The displacement x(t) at any point 

along the length is measured with a non-contact laser vibrometer.  The current i(t) 

induced in the polymer due to the applied voltage v(t) is also measured by measuring the 

voltage drop across a small (0.1 Ω) resistor—see Figure 7.1.   Using the Fourier analyzer 

the frequency response function between the excitation voltage and the output 

displacement; and between the input voltage and induced current are measured over the 

frequency range 0.2 Hz to 200 Hz.  This setup is also used to measure the time domain 

response of the transducer to a step voltage input. 

 

Figure 7.1. Setup for the free deflection and impedance tests. 
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The free deflection δ(t) (in the time domain) or the free deflection frequency response 

(δ(ω) /v(ω)) are used with equations (7.1) and (7.2), respectively, to compute the bending 

strain as a function of time or frequency.  In equations (7.1) and (7.2), ε is strain, h is the 

thickness of the sample, and Lf is the free length of the sample.  These equations assume 

that the transducer bends with a constant curvature; experimental results demonstrate that 

this is an appropriate assumption for the experiments performed in this paper at 

frequencies below the first resonance of the transducer.10 
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The impedance Z(ω) of the samples is computed using equation (7.3), and the 

capacitance is computed using equation (7.4) by assuming the polymer is a network of 

capacitors and a resistor in series.16 
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where A is the area of the transducer. 

7.4 Results and Discussions 

7.4.1 Fabrication of electrodes  

The solution-based assembly of conductive Au on glass and silicon was 

demonstrated by Natan et al.17,18 and recently we have demonstrated the ability to 

fabricate Au films on polymeric substrates also.11,12 All these require the use of an 

adhesion promoter to attach the Au to the substrate. In these instances, this was achieved 

by the use of a silane with terminal groups such as –SH, –NH2, and –CN. The silane 

forms a covalent siloxane linkage to the surface with the functional groups on the outside, 
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which are able to attach to the Au. However, transducers fabricated according to this 

method showed little actuation properties.13 This is due to the fact that Nafion is a 

fluoropolymer and it was difficult to achieve adequate functionalization of the surface for 

the attachment of the silane. The adhesion of Au to Nafion was poor due to this 

incomplete silane coverage.  

It was observed that Au attached to an amine-terminated linear PUU film without 

the use of any linking agent.19 Immersion of the polymer film in the Au solution for a few 

hours gave a shiny Au coating on the surface. Upon reducing more Au onto the attached 

particles using the seeding approach, a film with good conductive properties was 

obtained. As a control, a Nafion membrane without the PUU was also immersed in the 

Au solution. No significant attachment of Au was observed. This property of the PUU 

was used advantageously for the fabrication of electrodes on Nafion transducers.  

The assembled Au film was characterized by SEM. Initially, spherical Au 

particles were observed after the sample was immersed in the Au solution for a few hours 

(Figure 7.2(a)). Upon using seeding to reduce more Au onto the substrate, it was 

observed that there is increase in the Au coverage and the spherical particles have 

coalesced and there is almost complete coverage of the surface (Figure 7.2(b)). The 

resistance of the films was measured using a digital multimeter and was found to be 2-3 

Ω along the length of the sample (~3 cm). The resistivity of the film was measured using 

a four-point probe and was about 9 × 10-5 Ω•cm. This is about 40 times greater than that 

of bulk gold. The resistance values were also measured from the slope of the I-V curve 

(Figure 7.3) and the linear behavior of the curve in the region measured indicates that the 

resistance is ohmic.  
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Figure 7.2.  SEM images of Au on PUU (a) Au monolayer (b) after seeding twice. 
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Figure 7.3. Current-voltage curve for 2-layer seeded Au electrode on Nafion substrate. 

 

7.4.2 Actuation performance  

The transducers were tested for actuation using the free displacement test setup 

described in a previous section. Seven transducers were built to optimize the suggested 

fabrication method.  Colloidal Au attaches well to the PUU binder which is an insulating 

polymer. The PUU layer increases the resistance through the membrane and prohibits the 

electrode from being fully charged. Three methods are proposed to overcome this 

limitation. The first method is to add conductive filler, second is to paint thin layers of 

polymers by decreasing the polymer in the solution, or a third method is to melt press the 

polymer above its Tg (glass transition temperature) which decreases its thickness.  

Two batches of Nafion/RuO2 composites were prepared using the direct-assembly 

process (DAP) described earlier. From the first batch five samples were prepared, one 



 115

control sample, two samples with single-walled carbon nanotubes (SWNT), and two 

samples are painted with a dilute solution of PUU.  The PUU is dissolved in a 3:1 

mixture of isopropyl alcohol (IPA) and tetrahydrofuran (THF). The thickness of the PUU 

layer is controlled by the concentration of the polymer in the painted solution. 
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Figure 7.4. Frequency response function of the microstrain per unit volt of four samples; 

a control sample with impregnation-reduction surface Pt layer, two samples with 5 vol% 

of SWNT added to the PUU, and one sample painted with a 1% (w/w) solution of PUU. 

 

Transducers painted with PUU/SWNT are composed of 5 vol% nanotubes in a 

solution of 2.5% and 5% (w/w) PUU.  Figure 7.4 is a plot of the frequency response 

magnitude for four samples. The results clearly demonstrate that the two samples with 

2.5% and 5% dilution had a poor performance. Although SWNT was added to the PUU 

layer, it does not sufficiently improve the conductivity of the PUU layer.  Using a dilute 

solution of PUU increased the performance of the transducer to 200µε/V, compared to 

400 µε/V for the control sample. The fifth transducer was painted with a 0.5% PUU 

solution. The resistivity of the surface Au layer was 22 MΩ across the 3 cm length 

compared to ~5 Ω for all the other samples. No significant tip displacement was 

measured for the fifth sample. 

From the second batch two samples were prepared, a control sample and another 

sample painted with 1% PUU solution that was melt-pressed afterwards.  Figure 7.5 

shows the measured free displacement experimental results. The strain-per-voltage 
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response of the polymer at frequencies less than 1 Hz are very similar, while slightly 

different above that. At 0.75 Hz both samples were bending with 740 µε/V, while the 

control sample was bending with 340 µε/V at 10 Hz compared to 280 µε/V for the 

PUU/hot-pressed sample. Melt-pressing the PUU decreases the thickness of the layer, 

from ~100 nm to ~55 nm. Figure 7.6 shows the cross-section SEM images of the 

electrodes before and after melt-pressing. This decreases the thickness of the insulating 

layer leading to better charge transport through the membrane. Since PUU is not very 

stable above 180 °C, there is also the possibility that some of the layer is also getting 

degraded. However, this did not seem to affect the Au attaching capability of the layer.   

The peaks at 54 Hz and 44 Hz correspond to the first natural frequency of the 

transducers. The Pt added using the impregnation-reduction method increases the 

stiffness of the transducer. Hence, the resonance peak of this sample occurs at a higher 

frequency. The results obtained using PUU as the adhesive agent are much better than 

obtained using silane functionalized Nafion. The strain-response for silane-functionalized 

samples was more than two orders of magnitude lower and the films are also much stiffer 

(see Appendix). 
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Figure 7.5. Magnitude of the impedance frequency response function of microstrain per 

unit volt of two samples; a control sample with impregnation-reduction surface Pt layer, 

and one sample painted with a 1% (w/w) solution of PUU and hot-pressed for 30 s at 210 

°C. 
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Figure 7.6. Cross-sectional SEM image of transducer showing the different electrode 

layers and thickness of PUU (a) melt-pressed (b) unheated. 

  

7.4.3 Impedance analysis  

The impedance of the transducers was also measured according to the procedure 

described earlier. These tests are performed to study the resistivity introduced by the 

PUU layer. The trends in the electrical impedance clearly indicate the tradeoff in 

resistance associated with the increase in concentration of the PUU layer (Figure 7.7).  

Using 10 Hz as a reference point, the impedance varied from 2.8 Ω, 20 Ω, 280 Ω, and 

420 Ω for the control sample, 1% PUU, 2.5% PUU+SWNT, and 5% PUU+ SWNT 

respectively.  
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Figure 7.7. Impedance Frequency response function of four samples; a control sample 

with impregnation-reduction surface Pt layer, two samples with 5 vol% of SWNT added 

to the PUU, and one sample painted with a 1% (w/w) solution of PUU. 
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7.4.4 Patterned transducer  

A transducer was built with a patterned electrode as a proof- of-concept. Since 

this method of electrode deposition is completely surface-based, this allows for 

manipulations to be made on the surface leading to selective deposition. Figure 7.8 

depicts a patterned transducer with the electrode deposited only on one half. The entire 

transducer is coated with a PUU polymer. Before immersing it in the Au solution, half 

the transducer is masked. The areas labeled “Nafion membrane” and “RuO2 / Nafion” 

were masked. The ability to fabricate patterned electrodes using this method is a big 

advantage over the existing techniques for electrode deposition.  

 

Figure 7.8. Photo of the patterned transducer.  
   

7.5 Conclusions 

Conductive Au film was successfully assembled on polymeric transducers 

(Nafion-117) using a solution-based seeding approach. This involves the use of a PUU 

layer as the linking agent, which can be painted on. This eliminates the need for the 

deposition of a linking agent by surface functionalization, which does not occur very well 

on the Nafion substrates. The PUU linking agent is a resistive polymer, and hence it 

decreases the performance of the actuators. A thin layer is painted on the surface to 

decrease its resistivity. Another method, of adding single-walled carbon nanotube fillers 

to the linking agent was proved inefficient. Diluting the PUU solution painted on the 

electrode decreases the thickness of this layer. Hot-pressing the PUU linking agent under 

elevated temperatures (210 °C) decreased its resistivity while preserving good surface 

conductivity. Transducers built using this method generated strains comparable to that 
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with Pt electrode; at 0.75 Hz both samples were bending at 740 µε/V, while the control 

sample was bending with 340 µε/V at 10 Hz compared to 280 µε/V for the hot-pressed 

sample. Decreasing the concentration of the PUU solution to 1% (w/w) generated 

transducers with half the strain capability compared to the Pt-plated sample. Diluting the 

solution further increased the surface resistance of the electrode from 5 Ω to 22 MΩ, 

leading to a loss of actuation. The impedance of the actuators was also measured and was 

observed to correlate with the predicted resistance trend in the PUU layer.  Finally a 

transducer with selective deposition of electrode was successfully built, demonstrating 

that this procedure can be used to fabricate patterned electrodes for use in distributed 

actuator systems.  
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CHAPTER 8 

SURFACE PATTERNING USING SELF-ASSEMBLED MONOLAYERS: A 

“BOTTOM-UP” APPROACH TO THE FABRICATION OF MICRODEVICES 

Copyright 2005 from Nanoengineering of Structural, Functional and Smart Materials, 

Schulz, M. J.; Kelkar, A. D.; Sundaresan, M. J.  Eds. CRC Press:  Boca Raton, FL, 2006 

pp 315-326. Reproduced with permission of Routledge/Taylor & Francis Group, LLC. 

 

8.1 Abstract 

The “bottom-up” approach to the fabrication of micro scale devices requires the ability to 

successfully pattern surfaces. This patterning can be achieved by the use of self-

assembled monolayers. In this chapter, surface patterning results with respect to making 

photonic crystal devices and strain gauges are presented. Patterning was achieved using 

two approaches. For the photonic crystal devices, UV irradiation was used to pattern self-

assembled monolayers, and for the strain gauge a photoresist-based process was used. 

The electrostatic self-assembly method was used to make patterned multilayers on silicon 

for the photonic crystal devices. Conducting films of gold were deposited on flexible 

substrates for making strain gauges. The films were deposited using a completely 

solution based process. These approaches are very cost-effective compared to present 

micro-device fabricating technologies and the entire procedure can be done on a 

laboratory bench-top.  

 

8.2 Introduction 

One of the most important fabrication technologies in the microelectronics 

industry is the “top-down” approach to making micro-devices, be it 

microelectromechanical systems (MEMS), microfluidics, optical systems such as 

micromirrors, or communication and information storage devices. In this approach, 

material is first laid down, and it is removed gradually from top to bottom in patterns 
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depending on the application. The conventional microfabrication technologies have 

limited the choice of materials; silicon is still the most widely used material of choice.  

This in turn limits the applications of the devices.  For example, it would not be possible 

to make a biocompatible device for use in-vivo with conventional materials used for 

microelectronics. The “bottom-up” approach to fabricating micro- and nano- devices has 

been an area of considerable recent research.1,2 The advantages of this approach over the 

conventional “top-down” approach used in the microelectronics industry are many. For 

one, it offers considerable versatility in the materials used. Different types of organic 

materials that are more easily tailorable than ceramics, such as polymers, nanoparticles, 

and self-assembled monolayers, are commonly studied. This approach also minimizes 

waste of material, does not require sophisticated equipment, leading to much lower costs, 

and to molecular scale control in device fabrication.  

The key to such an approach is to successfully pattern the substrates and 

selectively deposit materials forming three-dimensional structures. Patterning of 

substrates using self-assembled monolayers (SAMs) is an area that has generated much 

interest. Self-assembled monolayers3 are long chain alkanes that spontaneously 

chemisorb onto the surfaces of appropriate materials. These layers offer control of 

structure at the molecular level and can act as ultra thin resists in lithographic processes. 

Many problems associated with current patterning techniques, such as the limit on the 

smallest feature size, optical diffraction effects, depth of focus, shadowing and 

undercutting can be minimized. Self-assembly leads to equilibrium structures that are at, 

or close to the thermodynamic minimum, and as a result these systems tend to be self-

healing and defect rejecting.  

In order to fabricate functional microdevices, it is essential to form three-

dimensional structures on the self-assembled monolayer. These structures can be built if 

multilayers can be grown in patterns of the desired structure. There are a number of 

patterning techniques for SAMs that have been studied; soft lithography techniques such 

as microcontact printing,4 replica molding,5 microtransfer molding,6 selective 

transformation of terminal functionalities by either photochemical7-10 or chemical11-13 

methods, selective removal of monolayer film by irradiation14-17 and micromachining;18 

and selective deposition of polyelectrolytes and nanoparticles.19 A more recent method of 
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patterning is the use of scanning probe microscopy tips, which has drastically reduced the 

sizes of the patterns formed and can be so effective that it can be used to manipulate 

single molecules.20 Techniques such as nanografting21 and dip-pen nanolithography22 use 

the tip of an AFM probe to selectively remove and deposit molecules onto the surface. 

Scanning tunneling microscopy probes have also been used to pattern SAMs using 

electrochemical methods by applying a bias between the conductive probe and the 

substrate.23 

In this chapter, results with regard to the fabrication of different types of devices 

using patterned SAMs and the “bottom-up” approach are presented. A brief description 

of the type of prototype devices investigated follows. A first set of representative 

experiments on silicon substrates were aimed at fabricating spatially periodic photonic 

crystals. Photonic crystals are a class of periodic composite structures consisting of 

spatially varying low and high refractive index materials that exhibit a forbidden band, or 

Photonic Band Gap, of frequencies wherein incident electromagnetic waves cannot 

propagate.24  Introducing “defects” into the ordinarily symmetric structure disrupts the 

periodicity of the crystal defining micro-cavities, and in some cases waveguides, where 

incident electromagnetic energy can become localized and/or allowed to propagate. The 

creation of patterns on silicon and formation of multilayers using the electrostatic self-

assembly process (ESA) is a possible method of fabricating these devices.25,26 Micro 

strain gauges are other spatially patterned devices that may be fabricated in-situ using 

self-assembly. These can be achieved by patterning conducting films on flexible 

substrates. The basic theory behind these devices is that a change in the length and 

geometry of an electrical conductor causes a change in its resistance, and this change can 

be quantified and used to infer elongation. Using self-assembly, patterned gauges may be 

formed by depositing conducting gold on substrates such as polyethylene and measuring 

the change in resistance of the conductor versus strain.  

 

8.3 Experimental Methods 

Materials Three types of substrates for patterning were studied; silicon (111); Kapton 

(DuPont), a polyimide; and polyethylene. The SAMs that were used are 

octadecyltrichlorosilane (OTS) (Aldrich), heptadecafluoro 1, 1, 2, 2, tetrahydrodecyl 
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trichlorosilane (CF3(CF2)7CH2CH2SiCl3) (CF) (Gelest), 3-aminopropyltrimethoxy silane 

(APS) (Gelest) and 3-mercaptopropyltrimethoxy silane (MPS) (Gelest). The 

polyelectrolytes used was sodium polystyrene sulfonate (SPS) and poly(diallyl dimethyl 

ammonium chloride) (PDDA), nanoparticles used were silicon dioxide (Nissan Chemical 

Industries), titanium dioxide, and gold, which was synthesized using a slight modification 

of previously described methods.27    

Substrate preparation Silicon wafers, cut into small 2 cm side squares, were rinsed 

thoroughly with dichloromethane and methanol and dried under a stream of nitrogen. The 

samples were treated with a 7:3 v/v mixture of H2SO4/H2O2 for 20 min at 80 °C (piranha 

treatment) and rinsed thoroughly with nanopure water (18 MΩ) from a Barnstead 

Nanopure water system. The Kapton and polyethylene were plasma treated using a 

March Plasmod plasma etcher in an argon atmosphere for ~2 min at 0.2-0.4 Torr and 50 

W power.  

Deposition of SAM OTS SAM was deposited in a glove bag under nitrogen atmosphere.  

The piranha treated silicon substrates were immersed in a 1% (v/v) solution of OTS in 

dicyclohexyl (Aldrich) for 1 h with stirring. After the reaction was over, the substrates 

were rinsed thoroughly with dichloromethane.  CF SAM was also deposited in a similar 

manner, with Isopar-G (Exxon) acting as the solvent in this case. The entire deposition 

process was carried out in a nitrogen atmosphere and dry conditions. The deposition of 

APS and MPS were carried out in ambient conditions. The substrates were immersed in a 

1% (v/v) solution of APS/MPS for 15 min with stirring. After that they were rinsed 

thoroughly in methanol and heated at 110 °C for 90 min and then dried under vacuum at 

50 °C. All the SAM depositions were carried out in less than an hour after the substrate 

preparation. 

Patterning Patterning of the SAMs was carried out by irradiation with an Hg(Ar) lamp 

(Model 6035, Oriel Instruments) at a wavelength of 184 nm. The OTS SAMs were 

photolyzed for 1 h while all the others were photolyzed for 3 h. The masks consisted of 

meshes used for transmission electron microscopy, and masks were also made on 

aluminum sheets when larger scale patterns were required. Patterning on the flexible 

substrates was carried out by using a positive photoresist S1813 (Shipley). Photoresist 

was spin-coated onto the silane-coated substrates, then irradiated with broadband UV 
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(350-450 nm) (Oriel Instruments Model no. 92530) through a mask, and developed using 

the Microposit developer 351. Then gold was coated onto the entire substrate and later 

photoresist was removed using acetone, at that time the gold, which was coated over the 

photoresist, was also removed leaving a pattern of conducting lines. This approach was 

also used to pattern PDDA-SiO2 multilayers on silicon using previously described 

methods.28 

Deposition of multilayers Multilayers were deposited on silicon using electrostatic self-

assembly. TiO2 and SiO2 were alternately deposited on patterned OTS, and TiO2 and SPS 

on patterned CF. The patterned samples were first dipped in the positively charged 

solution for 3 min, sonicated in nanopure water for 2 min, dipped in the oppositely 

charged solution for 3 min and sonicated again, and this cycle was repeated to obtain the 

desired number of multilayers. Using the photoresist method, alternate layers of PDDA 

and SiO2 (330 nm diameter) were deposited on the piranha treated silicon. On the 

polymer substrates gold was deposited using previously described methods.29 

 

8.4 Results and discussion  

8.4.1 Patterning on silicon  

The piranha treatment cleans the surface exposing the hydroxyl groups on the 

surface of silicon. The deposition of silanes on these surfaces occurs by the hydrolysis of 

the alkoxy- or trichloro- groups on the silane and subsequent reaction with the surface 

hydroxyl groups.3 The deposition of OTS and CF was characterized by contact angle 

measurements. After the piranha treatment the silicon substrate was completely wetted 

with contact angles as low as ~10°. The deposition of OTS or CF raised the contact 

angles. For OTS it was between 90° and 115° and for CF the contact angles were slightly 

higher, around 120°. This is expected because CF has a much lower surface energy than 

OTS due to the fluorine groups. After irradiation with UV light at 184 nm both the SAMs 

are degraded and are removed from the substrate.17 This is evident from the drop in 

contact angles to ~10° upon photolysis. The CF took a longer time than OTS to photolyze 

completely and this can be attributed to the strong C-F bonds. Figure 8.1 illustrates the 

photolysis process on OTS.  
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Figure 8.1. Conceptual illustration of the patterning process for OTS. 

On OTS and CF covered surfaces, the multilayers were formed by electrostatic 

self-assembly. ESA involves dipping a charged substrate alternately into solutions of an 

anionic charged species and a cationic charged species; the electrostatic force between 

oppositely charged molecules acting as the binding force holding the molecules together.  

Patterning on OTS and CF SAMs creates regions of charge and regions where there is no 

charge and the charged molecules get selectively adsorbed on the charged regions. TiO2 

was the positively charged nanoparticle for OTS and CF; SiO2 was the negatively 

charged nanoparticle for the patterned OTS and SPS was the negatively charged 

polyelectrolyte used for CF. After the photolysis, the negatively charged substrate is 

exposed and the charged particles selectively adsorb on the charged regions and are 

bound by electrostatic interactions. Figure 8.2 is a SEM image of the patterns formed on 

OTS and CF coated substrates. The size of the patterns was 7.5 × 7.5 µm square holes 

with a center-to-center spacing of 12.5 µm. The dark regions are the regions of deposition 

in all the images except in Figure 8.2(a) where it is the opposite. This is probably due to 

some differential charging effect when imaging the samples.  
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Figure 8.2. SEM images of patterned multilayers on silicon (a) 20 (b) 30 TiO2-SiO2 

bilayers on OTS treated silicon (c) 50 TiO2-SPS bilayers on CF treated silicon. 

 

The deposition of the polyelectrolyte, SPS, was successful for the CF while on the 

OTS good patterns were not obtained. This can be explained by the fact that the 

negatively charged groups on the polyelectrolyte are repelled by the electronegative 

fluorine atom on the CF and are thus selectively deposited on the regions where CF is 

absent. On the OTS SAM there is no such interaction and SPS being a large molecule 

may get attached on the OTS regions also due to some hydrophobic interactions. These 

selectively grown ESA nanocomposites represent 2D photonic crystal structures 

comprised of high refractive index pillars suspended in air.  Measurements on a Rudolph 

Auto EL ellipsometer revealed that the TiO2/SiO2 corresponded to high index pillars with 

an average refractive index of 1.6. 

 Alternately, another approach using photoresist can also be used to pattern 

multilayers for photonic crystals on silicon. The method is similar to that used to pattern 

gold on Kapton. Photoresist is coated on the cleaned silicon wafer, patterned using a 
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mask and developed. Subsequently, alternate layers of PDDA, which is a positively 

charged polyelectrolyte, and negatively charged SiO2 particles are assembled on the 

patterned surface. Removal of the photoresist with acetone after multilayer formation 

leaves patterned regions on the surface. Figure 8.3 shows the optical micrograph of a 

patterned two bilayer PDDA-SiO2 film.  

4.4 µm  

Figure 8.3. Optical micrograph of patterned two-bilayer PDDA-SiO2 on silicon using the 

photoresist method. 

 

8.4.2 Patterning on polyethylene and Kapton  

Polyethylene and Kapton are flexible polymers suitable for making patterned 

electrodes to fabricate micro strain gauges in-situ. This requires selective deposition of 

conductive layers and gold was the material of choice because of the ease of deposition 

of a conductive film using a completely solution-based process. The resistance of a 

conductor is dependent on its length and cross-sectional geometry and a change in the 

geometry would lead to a change in the resistance and this can be measured 

quantitatively. This principle is used in strain gauges also, where a change in the length 

will cause a change in the resistance and the strain can be measured. In order to increase 

the device sensitivity the length of the conductor should be made long and this can be 

done using geometry as shown in Figure 8.4. 
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Figure 8.4. An illustration of the patterned geometry of a strain gauge. 

 

The surface of the polymers is plasma treated to deposit the silanes. Plasma 

treatment of the polymers creates free radicals on the surface, which when exposed to air 

form oxygenated species.30 These can then react with the silanes to form a monolayer on 

the surface. Table 8.1 shows the contact angles for substrates after plasma treatment and 

SAM deposition. Figure 8.5 shows the XPS spectra corresponding to the different 

treatments on Kapton. A comparison of the untreated and the plasma-treated surfaces 

shows that there is an increase in the oxygen concentration, as expected. The deposition 

of the SAM on the substrate gives rise to a polysiloxane backbone. Figure 8.5(c) shows 

the siloxane peak at 102.4 eV and this confirms the formation of the SAM. Similar results 

were also obtained for polyethylene.  

Table 8.1. Contact angles for the polymers after plasma treatment and SAM deposition 

 
 

 
 

 

 

 Kapton Polyethylene 
Untreated 71° 94° 

Plasma treated 18° 41° 
After SAM deposition 84° 95° 
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Figure 8.5. XPS spectra of (a) Untreated (b) Plasma treated (c) Si peak of APS deposited 

on Kapton. 
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The deposition of gold on the SAMs takes advantage of the fact that gold has a 

strong affinity for groups like amino-, mercapto- and cyano-.27 The choice of the SAMs 

was based on this and amino- and mercapto- terminated SAMs were used in our 

experiments. The formation of conductive layers of gold nanoparticles is done by a 

seeding method as described in a previous study.29 In brief, the SAM-coated substrates 

are dipped in colloidal gold solution for 2-3 h wherein gold particles get attached to the 

substrate, then more gold is reductively deposited on the gold already attached leading to 

complete coverage.  

The resistance of the samples was measured using a four-point probe. The 

resistivities on both polyethylene and Kapton were about 1 Ω/ sq. The thickness of a 

layer of gold was found to be ~300 nm using cross section SEM. Table 8.2 depicts the 

strain-resistivity data for gold on Kapton and as expected the resistance is found to 

increase as a function of length. 

 Table 8.2. Strain-resistivity data for gold on Kapton 

 

 
 

 

The patterning on these substrates is done to generate conductive lines as shown 

in Figure 8.4. Patterning was done using a method developed by Hua et al.28 Figure 8.6 

depicts the patterns generated on Kapton, which consists of alternate conducting lines. 

The width of the lines is about 1 mm. Although the patterns shown here are of a big size, 

with masks of smaller size, patterns of 1 µm or less can also be made. The conductivity of 

the film was not affected by the patterning process and was the same as for the 

unpatterned substrates. 

Load (N) Resistivity x 104 (Ω•cm) Strain (mm/mm) 
0 0.95 0 
10 1.28 0.078 
20 1.26 0.17 
70 3.2 1.875 
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Figure 8.6. Patterned gold on Kapton. 

 

8.5 Conclusions and applications 

It has been possible to selectively deposit and create three-dimensional structures 

on silicon using a combination of patterned self-assembled monolayers and electrostatic 

self-assembly. The size of the smallest patterns created was 7.5 µm, which was the 

smallest mask utilized. However, with appropriate masks the pattern size can be reduced 

even further. It was also possible to deposit conducting layers of gold on polymer 

substrates such as polyethylene and Kapton for the fabrication of strain gauges. 

Patterning was also successfully achieved to fabricate conducting lines. These results 

show that fabrication of micro devices can be achieved by methods that are more 

economical and easier than conventional microfabrication technologies that use 

sophisticated equipment, increasing costs. This method is so simple that it can be 

performed on a laboratory bench top. Future efforts are being directed towards decreasing 

the size of patterns and the use of a maskless approach to patterning.  
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CHAPTER 9 

SUMMARY AND CONCLUSIONS 

 The goals of this work were to develop techniques to fabricate conductive films 

on flexible substrates using a simple, inexpensive method and the development of the 

ability to pattern them. With this goal in mind, the successful assembly of gold on 

flexible polymeric substrates using a solution-based approach has been demonstrated. 

Using two different approaches, the reduction “seeding” method and the layer-by-layer 

assembly using linker molecules, conductive gold films exhibiting different electrical 

properties were fabricated. Both these methods can be used on any polymer to deposit 

conductive films. The seeding approach is faster compared to the layer-by-layer (LBL) 

assembly, which can take up to a day to fabricate conductive films. However, use of a 

linker molecule enables much more control over the properties of the film. For example, 

just by changing the length of the linker molecule, the electrical resistance of the film can 

be changed. This is important in the design and fabrication of resistive devices, electrodes 

and interconnects.  Another approach to control the properties of the film is to change the 

size and concentration of the colloidal particles. The adhesion of the films to the substrate 

is good and all the films pass the tape-peel test. 

 Heating the LBL films at temperatures as low as 120 °C caused a dramatic 

decrease in the resistance of the films, sometimes more than six orders of magnitude. For 

example, using a 10-C long linker, an insulating film became very conductive (ρ = 2.4 × 

10-4 Ω•cm). Different resistance values can be obtained simply by heating the film at 

different temperatures and for different times. The maximum temperatures used were 180 

°C, and the range of temperatures used is such that they are amenable to most polymers. 

The observed decrease in resistance is caused by a desorption of linker molecules from 

the gold surfaces causing the coalescence of the gold particles, leading to increased 

conductivity. This simple method of controlling the resistance of the films can be used in 

the fabrication of a number of materials with different resistance values. Compared to 
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existing methods, these approaches provide new parameters by which the properties of 

the films can be tuned for the desired applications. 

 Both the above methods of assembling gold colloids on surfaces require prior 

surface modification to introduce groups conducive for the attachment. The use of 

polymer substrates that already have these groups will eliminate this step. This was 

achieved by using a poly(urethane urea) (PUU) film as the substrate. The amine and 

amide groups on the surface act as the attachment points for the gold. Extremely 

conductive and strongly adherent films were obtained. PUUs are highly elastomeric 

materials and stretching the gold-coated elastomers produced interesting results. The 

resistance of the film increased as the polymer was stretched and elastically recovered 

upon relaxing the film. Analogous to the hysteresis in the stress-strain curves, a hysteresis 

in the resistance-strain curves was also observed. As the film is stretched, the resistance 

increases and at a certain strain, there is a sharp transition from a conductive film to an 

insulating film. This transition is reversible and the films becomes conducting again upon 

relaxing. This switching behavior has potential applications in the field of flexible 

switches and sensors.  

 The gold films fabricated using the solution-based assembly approach was used as 

electrodes on Nafion-based sensors and actuators. The electrodes were fabricated using 

PUU as the adhesive. This produced strongly adhering conductive films, with the 

transducers showing good actuation behavior. The biggest advantage of using this 

procedure for transducer electrodes is the ability to pattern the electrodes for distributed 

actuation and sensing. Patterning of gold films was demonstrated using a photoresist-

based lithography. Other multilayers films, with potential applications in photonic crystal 

devices, were fabricated by patterning the silane self-assembled monolayer and 

subsequent selective deposition of the films.  

 The experimental approach and feasibility of fabricating and patterning 

conductive films on flexible substrates has been demonstrated. With the emerging 

technologies of plastic electronics, a simple, inexpensive method of fabricating electrodes 

will become a key requirement. The ability to incorporate such a method in a roll-to-roll 

manufacturing line will also be crucial. The techniques described in this work serve to 

further research in this area, although much work still needs to be done before such 
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techniques can be applied in a manufacturing environment. Future directions for this 

work include studying the strain-resistance behavior of conductive films on PUUs and 

developing an analytical model to predict the resistance at certain strains and to 

determine the parameters that can be used to tune this behavior. Another direction may be 

to incorporate the patterned electrodes into actual devices such as transistors and 

capacitors and to study their performance. Performance and reliability studies will pave 

the way for the manufacturing and use of such flexible polymer-based electronic devices. 
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APPENDIX 

Chapter 3: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A3.1. N 1s XPS spectra for (a) as received Kapton and (b) plasma treated Kapton  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A3.2. C 1s XPS spectra for (a) as received PE and (b) plasma treated PE. 
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Figure A3.3. Tapping mode AFM height images of (a) As received Kapton, and (b) APS coated 

Kapton, dipped in gold for 2 h. 

 

Calculations for MPS coverage. According to Kazaryan, et al.1, crystalline Kapton has a 

rhombic unit cell with a = 6.35, b = 4.05, c = 32.6 Å. Each Kapton repeat unit can be considered 

to occupy a parallelepiped having dimension 6.4 x 4.0 x 32.6 Å. The three faces of this 

"molecular box" have areas of 0.26 nm2, 2.1 nm2, and 1.3 nm2. XPS analysis shows that the 

surface of an MPS modified Kapton sample has 3 sulfur atoms for each 4 nitrogen atoms. 

Looking at the largest face of the molecular box, then, a 2.1 nm2 surface bears 1.5 molecules of 

MPS for each 2-nitrogen-atom repeat unit (assuming that the molecule lies flat on the surface). 

Using the smallest face of the "box", the same number of MPS molecules are bound to a 0.25 

nm2 surface. These calculations show that the surface coverage of the sulfur-containing modifier 

is in the range 0.75 - 6.0 molecules/nm2. Similar calculations were performed for PE using the 

unit cell dimensions from Bunn.2 An orthorhombic unit cell with 4 CH2 groups and a = 7.4, b = 

4.93, and c = 2.53 Å was considered, and 0.02 S atoms for every C atom from XPS analysis. 

1. Kazaryan, L. G.; Lur'e, E. G.; Igonin, L. A. Vysokomolekulyarnye Soedineniya, 

Seriya B:  Kratkie Soobshcheniya 1969,  11(11),  779-80. 

2. Bunn, C. W. Transactions of the Faraday Society  1939, 35, 482-491. 
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Chapter 4: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A4.1. Growth of (a) Au-ME, (b) Au-HD, and (c) Au-DD films as followed by 

UV-vis spectroscopy (the numbers indicate the number of bilayers deposited). 

 

Chapter 5: 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A5.1. Tapping mode AFM image of seeded Au on Kapton heated at 200 °C for 
12 h. 
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Chapter 7: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure A7.1. Free displacement test data for Au on silane modified nafion and nafion 

coated with Pt using the impregnation reduction method. 
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