
 

Abstract 

 

KUNCICKY, DANIEL MELVIN.  Characterization and Engineering of the Process of 
Directed Particle Self-Assembly in Thin Films and Sessile Droplets.  (Under the direction of 
Professor Orlin D. Velev).     
                                 
Directed self-assembly of colloidal particles confined between a solid and liquid interface has 

been studied as a versatile tool for organizing 2D and 3D crystalline arrays on solid 

substrates.  The overarching goal of this study was to engineer the process of assembly  to 

achieve simple and cost effective solutions for application needs were self-assembled particle 

structures work better than microfabricated ones.  Two technologically relevant geometrical 

motifs of assembly were studied in detail.  A thin film assembly technique based on 

controlled withdrawal of a meniscus was employed for modifying solid substrates with arrays 

of organic and inorganic colloidal particles.  The assembled particles were used as a template 

for sterically directing the meso- and micro structure of metallic films for control over their 

electro-optical functionality.  A sessile droplet templating technique was developed for 

fabricating arrays of discrete colloidal crystal patches of controlled shape and size.  The 

process of assembly was studied in detail for each motif to optimize the deposition conditions 

and formulate protocols for controlling the size, composition, internal particle symmetry and 

overall shape.  The methods and the results developed are relevant to different disciplines, 

including self-assembly, surface chemistry, Atomic Force Microscopy methodology, 

biological research and spectroscopy. 

Convective assembly and latex templating of gold nanoparticles was used to fabricate 

highly efficient nanostructured substrates for surface enhancing Raman scattering (SERS)-

based sensors. The structure-dependent performance of these SERS substrates was 

systematically characterized with cyanide in a flow milli-fluidic chamber to simulate on-line 

continuous water monitoring.  A matrix of experiments was designed to isolate the SERS 

contributions arising from meso- and microscale porosity, long range ordering of the 

micropores, and the thickness of the nanoparticle layer.  The SERS results were compared to 

the substrate structure observed by scanning electron microscopy and optical microscopy to 

correlate substrate structure to SERS performance.   
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A single-step method for rapidly assembling tobacco mosaic virus (TMV) into 

nanocoatings and macroscopically ordered fibers was developed.  Uniform films with long-

range alignment or arrays of virus bundles were formed through a combination of shear and 

dewetting.  Discrete, contiguous arrays of the TMV fibers were coated over centimeter length 

scales using only microliters of TMV suspension.  The density and branching of the wire 

structure were controlled by varying the substrate wettability and meniscus withdrawal 

speed.  The ability to precisely control the wire structure of the bio-scaffold allowed for the 

fabrication of architectures with advanced chemical and physical functionality.  As an 

example, a procedure was developed where the TMV fibers were conjugated to Au particles 

followed by Ag enhancement for metal deposition.  The procedure developed was used to 

convert the virus fibers into anisotropically conductive arrays of long wires.  

A systematic study of a sessile droplet templating process for fabrication of colloidal 

crystals in small micropatches was undertaken.  The methodology was based on drying of a 

particle suspension on a substrate of controlled contact angle.  The process of assembly was 

correlated to the dynamics of the receding contact line.  The kinetics of drying were 

examined by measurement of droplet profiles and it was found that the rate matched well 

with diffusion-limited dynamics.  The effects of major parameters controlling the process: 

contact angle, particle concentration, and electrolyte were investigated in detail.  A variety of 

micropatch shapes were observed and categorized within the parameter space.  Based on the 

understanding developed from this cycle of experiments we fabricated arrays of gold SERS 

substrates in the form of flat, uniformly-shaped micropatches with diameters ranging from 

microns to millimetres.  We also demonstrated that the assemblies can serve as a new class of 

porous probes for biomechanical characterization and hydraulic permeability studies of 

whole cells and tissue. 
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1.1. Introduction 

This work is the culmination of my efforts to engineer processes for fabricating meso- 

and macrostructured assemblies from liquid suspensions of colloidal particles.  Specific 

interest in such materials derives from the potential for tuning the collective electro-optical, 

mechanical or chemical functionality through control over composition, internal particle 

symmetry and overall shape.  The overarching aim has been to find simple and cost effective 

solutions for application needs were self-assembled particle structures work better than 

microfabricated ones.  The goal of this chapter is to summarize the principles used in the 

self-assembly of colloidal materials from liquid dispersion onto surfaces, discuss the 

underlying mechanisms, and present examples of materials obtained and their potential 

applications.   

Self-assembly encompasses any spontaneous organization of molecules or objects into 

well-defined aggregates via noncovalent interactions.  The physical principles governing 

self-assembly and organization ultimately determine the properties and behavior of much of 

the universe, from large scale astronomical and meteorological events down to physiological 

function at the cellular and molecular level.  During the 20th century fundamental 

developments in the understanding of colloidal phenomena brought forward new knowledge 

marked by improved formulations of paints and coating, improved processing of emulsions 

and foams, and novel uses for polymer systems.  Now the promise of nanoscience and 

technology is being spurred by the discovery of particles with extraordinary mechanical and 

electro-optical properties (e.g., fullerenes, carbon nanotubes, quantum dots) along with 

increased access to high resolution instruments for characterizing structures at small length 

scales (e.g., scanning probe,  atomic force microscopy, electron microscopy).   

Structured 2D and 3D materials formed by self-assembly of colloidal particles have a 

variety of unique and potentially useful features.[1-8]  Coatings of colloidal crystals with 

periodic structure on the submicrometer length scale can be used to modulate incident light 

for modifying the optical properties of surfaces.  Such 2D and 3D coating of ordered particles 

could serve as a basis for diffraction gratings, filters, and antireflection coatings.  Self-

assembly of colloids has been proposed as a facile and inexpensive route for fabrication of 

3D photonic crystals.  Photonic crystals are an emerging class of nanomaterial and offer 

important applications to integrated optics and photonics. The crystals consist of an 
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arrangement of dielectric material having spatial periodicity on the scale of optical 

wavelengths, and can exhibit unique optical phenomena such as a full-photonic band gap and 

generation and manipulation of light over small regions.  Assembled metallic particles with 

nanoscale features possess unique attributes that arise from coupling to plasmons in the metal 

layer.  Localized plasmonic modes at the interfaces between conducting and dielectric 

materials create regions of enhanced electromagnetic field strength that could serve as signal 

amplifying elements for optical sensing devices.    

Particle assemblies could also serve as a basis for catalytic materials formed from 

aggregated or fused particles with high surface area to volume ratio, homogenous porosity, 

and good mechanical properties, which will maximize their catalytic reactivity, throughput 

and stability.  Responsive smart particles and particle/gel matrices are another emerging class 

of functionalized colloidal systems.  The advantage of such systems is that they can be 

tailored to passively respond to changes in environmental conditions such as temperature, 

composition or pH.    

The challenge of designing advanced functional materials within the colloidal domain 

can be divided into two elements.  The first element requires suitable building block with 

'coded information' for self-assembly [9].  Advances in synthetic chemistry, biophysics and 

genetic engineering have yielded responsive molecules and particles with chemical and shape 

anisotropy.  Such materials are capable of spontaneous organization when exposed to 

external fields or through specific short-range interactions and binding.  Naturally occurring 

biomaterials such as proteins, nucleic acids and viruses represent a particularly interesting 

class of materials for assembly of colloidal structures.  Biological macromolecules are unique 

in that they are intrinsically uniform in structure/size and may undergo biospecific 

interactions with high energies of association.   The second element requires a processing 

step for controllable initiating self-assembly.  This step could be as simple as mixing or 

shaking the dispersion.  Many emulsion-based food products are processed in this way.  

More advanced technological applications would likely require increasingly sophisticated 

methods for spatially directing the colloidal component into higher order structures.   

Advancements in this area of research may open the door for making integrated electrical, 

optical or mechanical devices that exploit the potentially utilizable features of colloidal 

assemblies.  
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1.2. Evaporation-Driven Assembly of Particles Confined Between a Solid and Liquid 

Interface 

Direct patterning of 1D, 2D and 3D assemblies from colloidal particles onto surfaces 

could be a critical element in the development of emerging nanotechnologies.  A promising 

colloidal assembly methodology is based on spreading a droplet or thin film on a surface and 

allowing it to dry.  Many of the underlying colloidal and dynamic interactions controlling the 

process are understood.  In this section I present the basic fundamentals elements and 

engineering techniques most relevant to the problems worked on for this dissertation.   

 

1.2.1. Sessile Droplet Deposition 

Methods using deposition of non-volatile components from sessile droplets are used in a 

variety of technologies and applications.  Simple evaporation of a drop of suspension 

accounts for the commonly observed ring stain, and is critical important in painting and ink 

jet printing, as well as in methods for DNA microarray deposition.[10-12]  At first glance, 

colloidal assembly from sessile droplets seems to be a simple method for fabricating arrays 

of 3D crystalline micropatches.   After all it is easy enough to pipette a small volume of 

suspension onto surface and let it dry.   As it turns out, controlling the spatial arrangement, 

crystal quality and overall shape of the particle assembly is no trivial task.  The difficulty 

controlling the process arises because a variety of colloidal and dynamic interactions govern 

assembly in drying drops.   

When a sessile droplet evaporates the colloidal particles remain adhered to the solid 

substrate.  Most commonly one finds that particles accumulate at the periphery and form a 

thin ring.  The importance of this process is illustrated by the numerous studies dedicated to 

identification of the underlying mechanisms of assembly.[13-23]  Denkov et al. formulated a 

two-part hypothesis of assembly based on capillarity and convective particle flux (Fig. 1.1 a).  

For thin liquid films and droplets of vanishing contact angle, they observed that particles first 

begin to assemble when the liquid layer near the contact line has thickness comparable to the 

particle diameter.[19, 20]  2D crystallization is initiated by strong lateral capillary forces 

between adjacent particles protruding through the meniscus.[19-21]  At the same time, the 

liquid lost to evaporation from the crystallizing region is replaced by a solvent flux from the  
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Figure 1.1.  Schematic of the mechanism of 2D crystallization in drying thin films and droplets with 
vanishing contact angle.   Strong lateral capillary forces direct the crystallization along the drying 
front.  (b) Optical micrograph of the actual process of particle advection towards the drying front 
showing the importance of convection in the process of film growth.  The contrails showing the actual 
trajectories of the particles have been acquired by overexposing the film.  Image in (b) from [20] 

 

bulk.  The fluid motion carries the particles towards the contact line where they are 

incorporated into the growing particle assembly.  The horizontal particle advection was 

observed with optical microscopy proving the importance of convective flow (Fig. 1.1b).  

Direct visual confirmation of the process, both in thin wetting films and droplets, has lead to 

wide spread acceptance of this mechanism of 2D assembly from thin films and droplets with 

vanishing contact angle.    

Higher contact angles or slower evaporation rates lead to thicker menisci and formation 

of multilayered 3D assemblies (Fig. 1.2).[23]  This process is often called convective  
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Figure 1.2.   Mechanism of the process of convective assembly in thin films and droplet with pinned 
contact line.  (top) Schematic of the process leading to formation of multilayered colloidal crystals by 
convection-assisted particle transport towards the three-phase contact line.  (bottom)  Illustration of 
the attractive capillary forces that lead to particle rearrangement and crystallization at the periphery.   

 

assembly because particle accumulation at the periphery is enhanced by particle flow from 

the bulk.[19]  As the particles approach the contact line the free volume available for particle 

rearrangement decreases.  The forced convection drives the particles across a strong 

concentration gradient that likely causes pre-ordering close to the growing crystal.  The 

crystallized region then acts as a filter collecting the approaching particles as solvent flows 

through the pore space.  The lateral capillary forces are less important for long range 

assembly here than for the case of 2D crystallization in thin films.[22]  Instead they serve to 

initiate nucleation where particles protrude through the interface. This could occur near the 

contact line in the form of immersion forces, or at the meniscus as flotation forces.  As the 

meniscus recedes into the growing crystal front strong capillary bridges form between 

particles and contribute strongly to particle rearrangement and adhesion.[24]  
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Deegan et al. formulated a mathematical basis for describing the convective flow 

responsible for particle transport in the drying drops.[13]  Their theoretical analysis is based 

on the fact that the equilibrium shape of the drop is maintained as solvent evaporates.  They 

showed that if the contact line is pinned, the loss of solvent to evaporation necessarily 

squeezes the fluid outward as the meniscus flattens.  A number of studies have also described 

the effect of the spatially varying evaporation rate on internal flow patterns within the drying 

drop.[13, 14, 16, 17, 27]  Hu and Larson improved upon the model of Deegan et al. and 

included the effects of Marangoni stresses.  Marangoni stresses are caused by a surface 

tension gradient due to a concentration gradient or temperature gradient at the air-liquid 

interface.  Due to the difference in heat conduction path length across drops of large contact 

angle, as the droplet evaporates a non-uniform temperature distribution is established by 

evaporative cooling from the meniscus.  The cooler part of the drying drop has a higher 

surface tension and therefore pulls more strongly on the surrounding liquid than the warmer 

regions with lower surface tension.  In the process, an inward circulatory flow could be 

formed.[28]  Although such theoretical analysis has demonstrated that internal circulation by 

Marangoni convection can be important, Hu et al. and Deegan et al. later proved 

experimentally that the circulation is quite weak for sessile droplets of water suspensions on 

moderately hydrophilic substrates.[14, 17]  The experiments reinforced the connection 

between circulatory flow patterns and the distribution of particles deposited onto the solid 

surface.  Based on this type of analysis it has been suggested that staged temperature control 

could be useful for making uniform coatings by balancing outward convective assembly with 

temperature-enhanced Marangoni convection to the droplet center.[29]  Chang and Velev 

successfully demonstrated fabrication of 3D colloidal crystal structures based on such 

circulation driven assembly in freely suspended spherical drops.[30]  Attempts to exert 

intricate flow control in sessile drops have so far proven difficult.   

An important conclusion from the aforementioned studies is that a pinned contact line is a 

required condition for particle accumulation at the periphery.  In the absence of outward 

flow, 3D crystallization of strongly deionized suspensions could occur in the bulk as the free 

volume reduces with evaporation.  The geometry of the meniscus as determined by the 

receding contact angle could then serve as a template to direct the shape of the colloidal 

crystal that forms.  Hence, control over the wetting dynamics and motion of the contact line 
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is a major operating parameter for controlling the process of colloidal assembly from sessile 

droplets.    

A number of research groups have studied the problem of dynamic wetting on solid 

surfaces for systems of pure liquids.  Early studies by Birdi and Vu related the drying mode  

 

Figure 1.3.  Schematic of the two distinctive evaporation modes with sessile droplets.  The  effect of 
contact line dynamics on the final micropatch architecture is illustrated.   

 

to the evaporation kinetics. A range of substrates of varied wettability and liquids of varied 

volatility were studied.  They attempted to categorize their results in terms of contact angle 

alone, and noted that for initial contact angles greater than 90°, the evaporation rate is 

nonlinear and follows constant contact angle dynamics, while for initial contact angle less 

than 90° the evaporation rate is linear and follows the constant contact area dynamics.[31]   

Based on such studies, two distinctive modes of sessile droplet evaporation have been 

identified.[31-33]  The droplet could dry with constant contact area and decreasing contact 

angle, or constant contact angle and decreasing contact area.  Although this picture is 

oversimplified it is useful in illustrating the potential impact of such limiting cases on 

colloidal crystal formation (Fig. 1.3).    

In practice, contact angle hysteresis (the difference between the advancing receding 

contact angle) due to chemical heterogeneity and surface roughness can result in complex 

wetting dynamics involving switching between the two ideal modes or mixed mode 

combination of both.  Shanahan and Bourges, for example, investigated evaporation of 
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sessile droplets on both smooth and rough epoxy surfaces and observed hysteresis-driven 

oscillations between fixed area and fixed angle dynamics [34].  Recent key advances in 

understanding and fabrication of surfaces of controlled contact angle hysteresis are leading to 

emerging classes of advanced materials that exhibit 'self-cleaning' properties and other 

unusual behavior such as the ability to move water droplets 'uphill.'[35, 36]   

The drying of droplets from particle suspensions introduces an additional set of 

complexities.  Even the addition of minute concentrations of suspended particles can 

drastically alter the behavior of drying droplets.  Particles entrained near the contract line can 

inhibit dewetting.  Adachi et al. calculated the balance of forces on the meniscus when 

particles jam in the wedge region that forms near the periphery.  Based on their analysis it 

was suggested that pinning was more likely to occur at lower contact angles with viscous 

particles flow towards the three-phase contact line.[13]  Particles can also accumulate at the 

meniscus due to surface energy effects and dynamic processes.[37-39]  The particle 

concentrated and confined at the air-liquid interface can also lead to visco-elastic transitions 

that drastically alter the contact line dynamics and result in stress-induced buckling and 

warping of the templating meniscus. 

The complex interplay between contact line dynamics, internal flow, and the range of 

capillary forces and colloidal interactions may promote or inhibit formation of high quality, 

uniform colloidal crystals.  To control the process of sessile droplet templating it would be 

useful to understand the physical dynamics of drying as related to the evaporation mode.   

Facile control over micropatch architecture could also be enhanced through better 

understanding of the effect of technologically relevant parameters controlling the process.  

The understanding developed could benefit a variety of technological applications and 

research areas that utilize deposition of non-volatile components from an evaporating drop.   

 

1.2.2. Thin Film Assembly 

The capillarity and convection-driven assembly mechanisms operating in sessile droplets 

can also be exploited for fabrication of planar particle coatings by spreading out the droplets 

of suspension before drying.  Such a process need not be complex.  For example, simply 

wiping a suspension of latex microspheres across a hydrophilic substrate with one’s finger 

will produce mm2 polycrystalline domains of fairly uniform thickness after drying.  Not 
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surprisingly, formation of colloidal crystals from drying films were first reported over fifty 

years ago.[40-42]  Since then the major engineering challenges have centered on developing 

adjustable and well-defined coating processes for controlling the position of the drying front 

and thickness of the film.   

Dip coating was one of first techniques for linear deposition of uniform coatings over 

large areas.[43]  In the simplest set-up, a hydrophilic glass plate is partially submerged in a 

reservoir containing the suspension.  As the solvent evaporates the meniscus moves across 

the surface in an oscillatory stick-slip motion.  The particles are carried by the convective 

assembly process towards the growing crystalline area at the drying front.  With this setup, 

control over the speed of assembly and number of layers deposited is quite limited since the 

meniscus recedes at a velocity determined by the evaporation rate.  In a variation of this 

technique, the substrate is attached to a linear motor for controllable withdrawal.  Since the 

rate of crystal growth is limited by the particle flux towards the crystallizing region, adjusting 

the withdrawal rate allows for controlling the number of layers deposited.[44]  Prevo and 

Velev later improved upon the process by entraining a small volume of the particle 

suspension between two glass plates.  The top plate is used to drag the suspension linearly 

across the bottom substrate.[23]  The process is effectively the same as dip coating, with the 

advantage that much less material is required.   

Dimitrov and Nagayama related the meniscus withdrawal velocity, νc, to the particle 

concentration, φ, and film thickness, h, by a simple steady-state volumetric flux balance on 

the particles and solvent near the drying front.[45]  A slightly simplified version of Dimitrov 

and Nagayama’s equation was formulated by Prevo and Velev [23] (Eqn. 1.1) 

)1)(1( φε
φ

−−
=

h
Kvc                                                          (1.1) 

where ε is the porosity and Κ is the 'drying length.'  Κ is used to correct for the lag time 

between the particle velocity and solvent velocity, and in general depends on the evaporation 

rate and particle size.  An 'operational phase diagram' was developed which relates νc and φ 

to the number of layers and crystal symmetry of the deposited films.  The drying length has 

been fitted to experimental data for the system of PS microparticles studied in this 

dissertation.[23]  The formula and phase diagram were breakthroughs for engineering the 
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process of thin film assembly because they provided an operational basis for controlling the 

film thickness and structure with easily adjustable parameters.   

 

1.3. Template-Directed Assembly within Colloidal Crystals 

Colloidal crystals have been used as templates for directing the assembly of a range of 

organic and inorganic materials into ordered 2D and 3D structures with controlled porosity.  

The colloidal crystal serves as a stable, and typically sacrificial, matrix for depositing an 

active material in the interstitial space within the template.  Latex and silica microspheres in 

the 100 nm to 1 micron range are typically used as the templating material since they can be 

obtained as suspensions with uniform particle size and at affordable cost.  Afterwards the 

spheres can be removed by a thermal or chemical etching treatment leaving an inverse replica 

of the colloidal crystal structure.   

Research into synthesis of such materials is generally focused in two areas: assembly of 

the colloidal template, and infusion of the active material into the ordered matrix.  In addition 

to the evaporation-driven assembly techniques presented in the previous section, methods 

based on sedimentation [49-51], centrifugation [52-54] and filtration [55-57] have shown 

promise.  The predominant crystalline microstructure formed with such techniques is 

hexagonal close-packed with (111) plane oriented parallel to the deposition substrate.  These 

materials are typically polycrystalline due to multiple nucleation sites along the crystallizing 

regions and size dispersity in  templating sphere diameter.[46]  Arrays with square ordering 

are occasionally observed at grain boundaries, but they appear to be a transition phase 

between the more stable hexagonally packed regions.  Square arrays are the 

thermodynamically preferred organization in layers of certain thickness,[47] however they 

are rarely observed in convectively assembled films deposited from latex spheres.  This is 

likely due to the flexibility of the liquid/air interface, which permits particle protrusion 

through the liquid meniscus, hence allowing the formation of the hexagonal, rather than 

square, arrays.[48]  

Notable exceptions are template deposition methods based on assembly in the confined 

geometry of microfluidic cavities [58,59] and emulsion droplets.[52,60,61] In such cases 

there is a competition between the thermodynamically favored packing density and  space 

available to the particles.  Colloidal crystals with controlled symmetry and orientation have 
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been fabricated by epitaxial growth on microfabricated substrates as well.[62]  In this 

approach periodic recess features of specific symmetry direct the crystal organization.  

Although slow and difficult to scale up this method has gained attention and may be critical 

to growing defect-free crystals for advanced optical applications.   

The solid structures within the pores can be formed from liquid precursors by 

polymerization,[56,59,63] sol-gel hydrolysis,[52,53] precipitation,[54, 64] and 

electrochemical deposition.[65]  The seminal demonstration of template-directed assembly in 

colloidal crystals was based on infusing a 3D colloidal crystal with aqueous silica.[55]  The 

colloidal crystal was assembled by filtration of polystyrene (PS) microspheres on a porous 

membrane.   Afterwards an aqueous solution of Si(OH)4 was filtered through the assembled 

matrix.  The PS microspheres were functionalized with HTAB cationic surfactant which 

served to initiate sol-gel polymerization and epitaxial silica growth from the PS microsphere 

surface within the interstitial space.  One of the first demonstrations of the compositional 

diversity of the technique was based on alkoxide hydrolysis for deposition of alumina, titania 

and zirconia.[53]  A range of other compositions from oxides of W, Fe, Sb, Zr, 

aluminophosphates, carbonates and zeolites and others have also been assembled within 

highly-ordered 3D arrays of spherical voids.[54]   

The hierarchical porous materials formed by precipitation methods could be used in 

advanced filtration and catalysis.  The sacrificial template imparts microscale porosity which 

facilitates efficient mass transport and the randomly arranged network of the solid material 

contains mesopores with high surface area.[66]  However, the use of sedimentation and sol-

gel based infusion techniques are generally viewed as having limited utility for advanced 

photonic applications such as in full photonic bad gap materials. The reason is that the 

mesoscale porosity features that arise lead to large scattering losses and inefficient 

propagation of electromagnetic resonances.  To overcome this pitfall, optically dense 

matrices have been fabricated using electrochemical deposition.  Braun and Wiltzius 

assembled the template crystal on conductive ITO substrates by sedimentation followed by 

potentiostatic deposition of dense, high refractive index semiconductors of CdSe and 

CdS.[67]  More recently atomic layer deposition (ALD) has been used for infiltration of the 

colloidal crystals with a variety of non-oxides, including tungsten nitride, carbon and 

germanium.[68-70]  ALD has proven useful for fabrication of highly conformal 3D coating, 
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and since the technique is self-limiting the thickness of the deposited layer can be precisely 

controlled.   

Structured porous metallic films assembled by template-directed assembly were the 

primary material of interest in this dissertation owing to the potential utility of such materials 

in a class of sensors based on surface-enhancing Raman spectroscopy (SERS).  The first 

synthesis of porous metal by colloidal crystal templating was carried out using a two-step 

procedure.[64]   A porous layer of NiO was first assembled in the colloidal crystal by 

templated precipitation.  The oxide precursor could then by completely converted to a 

hierarchically porous Ni solid by reduction in hydrogen or to a Ni/NiO composite by partial 

reduction.  Jiang et al. describe preparation of monolithic porous metal films using a mult-

step 'wet' chemistry methodology.[43]  In their approach the silica spheres functionalized 

with a thiol-terminated coupling agent are assembled by dip coating.  Afterwards a solution 

of gold nanocrystals are infused into the porous network where they affix to the silica 

colloidal surface at the accessible thiols.  The Au nanocrystals provide nucleation sites for 

electroless deposition of metals in the final step.  This muli-step methodology has been used 

to form structured meso/macroporous 3D films from Ni, Cu, Ag, Au and Pt. 

Velev et al. presented a materials general fabrication process for physical assembly of 

structured films from suspensions of colloidal particles.[55]  The methodology is based on a 

two stage filtration process.  In the first stage, colloidal crystals were assembled from a 

suspension of micron-sized polystyrene microspheres by filtration.  In the second stage a 

suspension of 10-15 nm gold particle was filtered through the assembled colloidal crystal 

filling.  As the water passed through the filtration membrane the nanoparticles filled the 

interstitial space surrounding the already assembled colloidal crystal.  In principle the 

methodology could be extended for two-stage assembly from precursors of any stable 

nanoparticle suspensions.  The only major limitations are that the surface charge of both 

colloids should be of similar sign to avoid uncontrolled electrostatic aggregation, and the 

upper diameter range of the smaller nanoparticles is limited by the interstitial pore size of the 

crystal assembly.  Since the van der Waals attraction can be quite strong between the metal 

particles of this size, the films were stable and maintained the hierarchical structure after 

removal of the templating spheres by calcination or dissolution in organic solvent.   
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 The droplet or thin film deposition techniques presented in sections 1.2.1 and 1.2.2 could 

be adapted for single-step fabrication of templated metallic nanostructures using binary 

mixture of sacrificial microspheres and metallic nanoparticles.[71]  The micoparticles 

concentrated and confined in the thin film are ordered into a colloidal crystal by reduction of 

free volume and capillary immersion forces.  The smaller nanoparticles added to the 

suspension infiltrate the interstitial space surrounding the larger sacrificial microspheres 

during the process of convective assembly.  A major advantage of the single-step flow 

coating process is that it can be easily adapted for assembly on a range of surfaces.   

Figure 1.4. Plots of the intensity of Raman scattered photons versus the Raman Shift of chemically 
similar species showing the chemical 'fingerprint' nature of the spectra.  Concentrated samples are 
typically required for collecting such Raman spectra, however the intensity of the bands can by 
surface-enhanced (shown in green) when the molecules are adsorbed on suitable prepared conducting 
metallic substrates.   

 

1.4. Engineering Applications of Porous Metallic Films Assembled in Colloidal Crystals 

1.4.1. Raman Spectroscopy 

Raman spectroscopy is a commonly used analytical technique in chemistry since the 

obtained vibrational information is specific to molecular constituents in the sample.  In the 

most basic sense, the technique is implemented by irradiating a sample with a laser beam.  

Most of the reflected light is scattered elastically from the molecules in the sample such that 

the scattered photons are of the same energy as the incident radiation.  This process of elastic 
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light scattering is called Rayleigh scattering.  There is also an exchange of energy and in the 

process the molecule is left in a different vibrational state.  Such inelastic scattering is called 

the Raman effect.  The Raman signal is measured by filtering out the intense laser line with a 

monochromator followed by counting the number of Raman scattered photons with a 

photomultiplier tube or CCD camera.  The frequencies present in the radiation scattered by 

the excited molecule are a function of the molecular structure, chemical composition, and 

solvent.  A typical example of Raman spectra collected from neat samples is shown in Figure 

1.4.  Such plots are often called fingerprint spectra because they are useful for distinguishing 

between chemical similar species based on the position and intensity of the peaks. 

In quantum mechanical terms, the Raman effect is described as an electronic excitation to 

a virtual energy state followed by nearly coincident de-excitation, with emission of a photon 

and change in vibrational energy.[72, 73]  The relaxation to the vibrational excited state (V1, 

V2, V3, etc..) generates Stokes Raman scattering.  Molecules already in a vibrationally 

excited state scatter photons with higher energy by anti-Stokes Raman scattering. The 

difference in energy between the Raman scattered photon and incident photon, h(ν0 ± νj), is 

equal to the energy of vibration of the scattered molecule. 

Although the Stokes and anti-Stokes spectra contain the same spectral information, at 

room temperature the thermal population of vibrationally excited states is low, and hence, the 

intensity of the Stokes spectra is always more intense.  For this reason, the Stokes bands are 

measured in routine analytical analysis.  Since the Raman shift is plotted as a function of its 

frequency difference from the incident radiation, the position of the peaks (in cm-1) are 

independent of the laser frequency used.   In contrast, the intensity of the Raman signal varies 

depending on the laser frequency.  An excitation frequency that promotes true electronic 

resonances can result in an increase in the Raman signal of some Raman-active vibrations.  

In practice resonance enhancement does not occur at a sharply defined wavelength, but 

instead is observed within a few hundred wavenumbers below the electronic transition of 

vibronic mode in the molecule.[74]   

The major diagnostic limitation of Raman spectroscopy is the inherently weak spectral 

intensity.  For applications in sensor technology weak spectra result in low signal to noise  
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Figure 1.5. Energy level diagram for Rayleigh scattering, Stokes Raman scattering and ant-Stokes 
Raman scattering. The upward and downward arrows represent the incident and scattered photon 
energy.    

 

ratios thus making it difficult to detect chemicals at useful concentrations.  A major 

breakthrough in addressing the sensitivity problem was the discovery of the surface-

enhanced Raman scattering (SERS) effect. It was found that the surface-enhanced signal of 

molecules chemisorbed at a metallic interface could be substantially amplified.[75-77]  The 

mechanism of enhancement is not understood, although many groups are studying this 

problem.  In the current state of thought, the surface enhancement is broken into separate 

chemical and electromagnetic contributions, although the two elements are most likely 

coupled.  

The electromagnetic component is driven by surface plasmon excitations in the metal.  

Surface plasmons are collective excitations of electrons in the surface of a conductor.  The 

surface plasmon resonance is supported by the conductor when excited below or at the 

plasma frequency.  Topological features and nanoscale surface roughness allow for matching 

the momentum of the free space radiation and surface plasmon modes in the conductor. [78]     

The features can be random and sub-wavelength sized, or periodic as with a diffraction or 
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reflection grating.[79-84]  When the metal is excited at the appropriate energy, intense 

evanescent fields are generated which rapidly decay within nanometers from the metal 

surface.  The resulting energy density on the substrate surface strongly augments the Raman 

signal of species adsorbed in regions of high field intensity.[85]  The more widely accepted 

explanations of the chemical effect all involve the formation of an adsorbate-metal 

interaction that engenders broadening and shifting of free molecular states.  This results in a 

larger Raman scattering cross-section than for the non-adsorbed species, thereby promoting 

more efficient scattering of photons. [86]   

 

1.4.2. Considerations for Engineering of SERS Substrates for Sensors 

It has been found that the Raman enhancement strongly depends on the morphology of 

the metallic substrate.  Silver, gold, and copper have yielded the largest SERS signal, and 

have been the most extensively studied, however, other transition metals have SERS activity 

as well.[87, 88]  The major considerations for use of SERS substrates in sensors are stability, 

limit of detection and reproducibility of signal.  This inspired a variety of techniques for 

SERS substrate fabrication.  Examples include electrochemical roughening of metallic 

surfaces,[89-93] chemical etching of metallic surfaces,[94-98] vapor deposition onto 

roughened or lithographically prepared surfaces,[100-105] microfabrication of patterned 

metallic structures,[106] and a variety of approaches utilizing gold and silver particles.[107-

120]   

Controlled particle deposition onto solid substrates could prove to be one of the most 

promising and simple methods of forming surface-enhancing Raman scattering 

substrates.[71,112,122-128]  Previously it has been shown that metallic nanoparticles 

adsorbed on a glass surface using either biospecific or metal-affinity interactions 

[109,112,122] could serve as SERS substrates.  However, these 2D nanoparticle layers are 

typically disordered and lack advanced features, such as long-range periodicity.  Ordered 

arrays of separated Ag nanoparticles have been fabricated by evaporating metal through 

nanosphere masks.  This fabrication technique has yielded important data on the effect of 

particle size, shape, and ordering on the optical properties and SERS behavior.[129,130]  

Ordering and periodicity in substrates made by nanosphere lithography or microfabrication 

have been shown to improve the substrate performance.[100,106,131,132] 
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 1.5. Layout of Dissertation 

A thin film colloidal assembly technique based on the process illustrated in Figure 1.1 & 

1.2 was used extensively throughout this dissertation for assembling organic and inorganic 

colloidal particles on solid substrates.  The work presented in Chapters 2 and 3 builds upon 

the operational principles developed by Velev and Prevo (see section 1.2.2) and extends such 

principles for fabrication of an advanced class of hierarchically porous nanoparticle films.  In 

Chapter 2 the meso- and microstructure of the films was systematically controlled and 

correlated to the technologically useful electro-optical properties for sensor applications.  The 

data could be instrumental in understanding in better depth the origin of the surface-

enhancing Raman scattering effects and also the factors that control substrate performance in 

SERS-based diagnostic assays.  In Chapter 3 a new modification of the assembly process for 

depositing films, fibers and wires of tobacco mosaic virus through a combination of 

controlled shear and dewetting is presented.   

The work presented in Chapter 4 details a newly developed sessile droplet deposition 

technique for assembling colloidal crystals in small dots and micropatches based on the 

principles illustrated in Figure 1.3.  The process of assembly has been correlated to the 

dynamics of the receding contact line.  The characterization of the process in detail was used 

to optimize the deposition conditions and formulate protocols for fabrication of structured 

patches of different diameter, thickness and shape.  It is worthwhile to note that this is the 

first systematic study of colloidal crystal formation from drying sessile drops covering a 

range of substrate of different wettability.  The understanding gained from this research could 

be widely beneficial to the variety of technological applications and research areas that 

require deposition of non-volatile components from evaporating droplets.  The understanding 

developed from these results was used to engineer novel liquid-permeable compression 

probes for AFM based biomechanical characterization studies and templated Au nanoparticle 

substrates for SERS sensing in microarray format.   
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Chapter 2.  Role of the Meso- and Microstructure in the Performance of a 

SERS Sensor Assembled from Gold Nanoparticles* 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                 
* Partially based on Kuncicky, Christesen and Velev.  Proc. SPIE, 5585: 33-45, 2004.;  Kuncicky, 
Christesen and Velev.  Appl. Spectrosc., 59: 401-409, 2005.; Kuncicky, Prevo and Velev. J. Mat. 
Chem., 16: 1207-1211, 2006. 
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2.1. Introduction 

Thin film assembly was used to deposit porous metallic substrates from chemically 

unmodified metallic nanoparticles onto plain nonfunctionalized glass plates. The fabrication 

technique used for making the substrates has been developed based on Velev et al.’s earlier 

research on convective self-assembly of colloidal crystals.[1-3]  These colloidal crystals 

serve as templates for directing the controlled structure of the gold nanoparticle substrates.  

One very important feature of the substrate fabrication method is that it allows tuning the 

porosity on two hierarchical length scales.  Large interconnected cavities are formed after the 

templating microspheres are removed.  In addition, smaller pores are formed between the 

gold nanoparticles in the assembled structure.   

The substrates have been proven to function as stable and efficient SERS-based sensors 

for detection of cyanide.  Up until now the relationship between the structured meso- and 

microporosity and SERS-based sensor performance were not well understood.  

Characterizing and optimizing these parameters is the key to wider use of such substrates in 

chemical sensors and assays, and remains one of the largely unsolved problems in SERS.  In 

addition to optimizing sensor performance, such data could be instrumental for understanding 

in better depth the origin of the SERS effects.  The overarching aim was to characterize the 

SERS performance in a technologically relevant format.  This was undertaken by 

systematically engineering the substrate porosity to statistically correlate such film structure 

to strength and reproducibility of signal.   

The stability of the films allowed us to perform continuous sampling experiments, where 

the metallic layers are encapsulated in a small chamber (Fig. 2.1), and their response is 

characterized in contact with a water solution of the analyte.  To systematically study the 

effect of substrate structure on SERS performance a matrix of experiments was designed that 

allowed for isolating the individual contributions arising from gold nanoparticle loading, 

mesostructure, and microstructure.  Three classes of SERS substrates were prepared and 

characterized in these experiments (Fig. 2.2):  

(1) Substrates comprised of multiple layers of aggregated gold nanoparticles without latex 

sphere templating, i.e., without templated microscale pores. 



 30

 

Figure 2.1. (A) Schematic diagram of the experimental system used to evaluate the performance of 
SERS substrates. (B) Photograph of a millifluidic flow chamber containing the SERS substrates 
films. 

 

(2) Substrates in which microporosity has been added by templating the gold nanoparticles 

with micron-sized latex spheres.  Both ordered arrays of latex spheres and randomly arranged 

latex spheres were compared in order to evaluate the role of the long-range micropore 

ordering on the substrate enhancement.  

 (3) Templated microporous substrates in which the mesoporosity has been reduced by 

heating the gold films to near the melting point of the nanoparticles in order to partially fuse 

them to each other.  These substrates had the characteristic long-range organization of the 

micropores, but drastically reduced mesoporosity and surface area. 

The performance of the SERS substrates was tested using a continuous water flux 

containing dilute sodium cyanide.  Evaluating SERS performance in this way had two 

advantages: it simulated practical monitoring of water sources for defense, industrial and 

environmental purposes, and it ensured a uniform cyanide surface concentration.  Since the 

surface concentration was governed by thermodynamic equilibrium in the flowing liquid 

stream, the performance of the substrates was evaluated in terms of the structure-dependent 

behavior only.  To achieve direct and reliable comparison of the various structures shown in  
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Figure 2.2.  Schematic of the types of SERS substrates used in the systematic investigation of the 
effect of gold nanoparticle loading, and substrate meso- and microstructure, on the SERS 
effectiveness. 

 

Figure 2.2, multiple patches of SERS substrates were deposited on one microscope slide, and 

subsequently encapsulated into a single flow chamber.  This allowed collecting spectra over 

multiple substrates in one experiment with minimal variances in the experimental conditions 

such as settings of laser power, solution composition, and ambient laboratory temperature.  

We collected multiple data points from randomly selected spots within the same substrate 

area, which allowed evaluating the variability of the substrate performance and reliability of 

the method. 

 

2.3. Experimental 

2.3.1. Materials 

Sulfate-stabilized 650 nm latex microspheres (IDC, Portland, OR) were obtained at 3 wt 

% and were concentrated by gentle centrifugation to yield a ~20 wt% suspension.  Aqueous 

suspensions of gold nanoparticles were synthesized using a standard citrate reduction 

protocol.[4]  This method typically produced gold nanoparticles that were 12 ± 2 nm.  The 

gold particle suspension was concentrated to ~ 0.6 wt % by use of Centricon Plus-20 

centrifugal filter units (Millipore, Billerica, MA).  The suspensions were centrifuged at  
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Figure 2.3. Schematic for the one-step deposition of nanostructured substrates used in this study.  
The gold nanoparticles in our method are mixed with sub-micron sized latex microspheres.  The 
microspheres form long-range ordered colloidal crystals by convective assemble as the meniscus is 
controllable withdrawn.  The gold nanoparticles are aggregated in the void spaces around the 
microspheres, and form a structured metallic film that is preserved when the polymer template is 
dissolved.   

 

1500×g for 10 minutes followed by an invert spin at 1100×g for 5 minutes to recover the 

retentate.  In the final step, the gold suspension was concentrated to ~2 wt% via gentle 

centrifugation and mixed with pre-concentrated suspension of latex microspheres.  The SERS 

substrates were deposited onto standard 25 × 75 mm glass microscope slides (Fisher 

Scientific, PA).  Prior to substrate deposition, the slides were cleaned in NoChromix (Godax 

Laboratories, Takoma Park, MD) for 12 hrs, thoroughly washed in deionized water using a 

Millipore RiOs 16 system, and oven dried at 70oC.  All chemicals were of certified ACS 

quality or better.   

 

2.3.2. SERS Substrate Deposition 

The deposition method can be implemented in a continuous process, directly producing 

structured porous gold films.[5, 6]  These substrates are made very easily, inexpensively and 

without any complex equipment.  The substrates were deposited by entraining a small 

volume of particle suspension between two glass plates (Fig. 2.3).  The top plate was 

attached to a linear motor and translated horizontally at a constant velocity (0.21 – 8.4 µm/s).  
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Approximately 14µL of concentrated gold suspension was used for non-templated substrates.  

A mixture of ≈ 14µL of concentrated gold suspension and ≈ 7µL of concentrated latex 

suspension was used for templated substrates.  During templated substrate deposition the 

smaller gold nanoparticles aggregated in between the latex microspheres.  After the 

templated films dried, the polystyrene latex template spheres were removed by submersing 

the substrate in methylene chloride (Fisher Scientific) for 15 min.  In the final step, the 

substrates were treated with dimethylchlorosilane vapors (Sigma-Aldrich, St. Louis, MO) in 

closed chamber for 15 min at 25oC.  This made the glass surface hydrophobic and improved 

the adhesion of the gold film, preventing it from peeling away in a flowing water stream.  

 

2.3.3. Sample Preparation and Data Collection 

The SERS substrates were encapsulated within a 630 µL, 2.0 mm deep, polycarbonate 

microscope chamber (Grace Biolabs, Bend, OR).  The chamber was ported on two ends 

using syringe needles (Hamilton, Reno, NV) and connected to a variable flow peristaltic 

pump with Teflon tubing (Cole-Parmer, Vernon Hills, IL) as shown in Figure 2.1.  The 

sample could be passed through the flow chamber at a rate of 0.2 – 1 mL/min.  The SERS 

substrate and flow chamber were integrated with a Raman microscope (Fig. 2).  An X-Y-Z 

translation stage was used to align the substrate at the focal plane of the microscope.  The 

translation stage allowed us to position the excitation source at predetermined areas of the 

SERS substrate.  This position was monitored and recorded with a CCD camera.  Results 

from two different Raman microscopes were collected and compared.  The first system was a 

LabRam HR system (Jobin Yvon, Edison, NJ) with a 785 nm laser excitation source and a 

liquid N2 cooled CCD detector.   The second system was a Chromex Senturion (Bruker 

Optics, Billerica, MA) with a 785 nm laser excitation source. 

For both instruments, the laser power measured at the sample position was 1.0 - 2.0 mW 

and the data collection time was 30 or 45 s.  Optical micrographs were acquired with a BX61 

optical microscope (Olympus, Melville, NY) equipped with a PDR-M81 digital camera 

(Toshiba, New York, NY).  Scanning electron microscopy (SEM) of the SERS substrates 

was performed with a F64 FESEM (JEOL, Peabody, MA) at 5-10 kV accelerating voltage.  

UV/Vis spectroscopy was performed with a V550 UV-Vis spectrophotometer (Jasco, Japan). 
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Figure 2.4. Optical and SEM micrographs of different structures that can be created in the templated 
SERS substrates. (A) Ordered region at low magnification, optical microscopy. The colors come from 
the long-range ordered arrays; (B) Disordered region at low magnification; (C) Mixed bilayer at high 
magnification, SEM; (D) Hexagonal bilayer at high magnification, (E) Square bilayer, (F) Disordered 
region. The scale bars dimensions are: A, B - 250 µm, C, D, F - 1 µm, E - 500 nm. 

 

2.3.4. Experimental Methodology 

The Raman signal from nanostructured Au substrates is dependent on both the pH of the 

solution used to adsorb cyanide initially, and the pH of the solution, without cyanide, that 

was passed through the flow cell after initial cyanide absorption.[5]  This provided the 

reasoning for measuring and comparing two classes of spectral data, at high and low pH, for 

each substrate.  In a typical experiment, deionized water was passed through the flow 

chamber for 10 min, and the background spectrum was collected.  Then a solution of sodium 

cyanide in 0.1 M NaOH (Fisher Scientific) was passed through the flow chamber.  In either 

case it took the signal about 10 minutes to reach steady state.  Upon reaching steady state, 
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spectra were collected at multiple positions on each SERS substrate.  Then deionized water 

was passed through the flow chamber, and multiple spectra were again collected on each 

substrate. Using Grams/AI software (Thermogalactic, Salem, NH) the background spectrum 

obtained for water was subtracted from the spectra for sodium cyanide, and the peak area and 

height were determined.   

 

2.4. Results and Discussion 

2.4.1. SERS Substrate Structure Characteristics  

Examples of the various types of structure that were controllably imparted to the 

nanoparticle substrates are presented in Figure 2.4.  Microscale porosity is imparted to the 

gold substrates by templating the metallic nanoparticles around latex microspheres.  These 

templated substrates have a hierarchical structure comprised of aggregated gold nanoparticles 

arranged around micron-sized cavities.  The type, quality, and structure of the template latex 

crystal is dependent on the deposition speed and latex suspension volume fraction.  By 

varying these parameters, we fabricated latex templates that were one, two or three layers 

thick.  Previously Velev et al. showed that a polycrystalline structure consisting of hexagonal 

domains predominated in the latex crystal film.[7]  Square arrays tended to form at grain 

boundaries and the edge transition between multilayers and monolayers; such transitions 

from multilayers to monolayers occur when the deposition speed is varied during the 

deposition process.  However, when the latex microspheres and gold nanoparticles were 

mixed, and deposited simultaneously, the results were slightly different.  In this case, the 

resulting latex sphere crystal structure was comprised of a mixture of hexagonal and square 

crystal domains.  The single crystal domain dimensions were in the 5–20 µm range (Fig. 

2.4A, C-E).  In certain instances the packing of the latex spheres was random, resulting in no 

long-range crystal order (Fig. 2.4B,F).  The reason for obtaining a disordered structure in 

these cases is not well-understood, but possibly results from the disrupting effect of the 

concentrated metal nanoparticles during the assembly.   

The thickness of the templated substrate in these experiments was defined by the number 

of microsphere layers.  The bilayer substrates templated with 650 nm microspheres were 

approximately 1 µm thick.  The templated substrates (either ordered or disordered) span the 

entire width of the glass slide (2.5 cm) and typically occupy an area of 25-50 mm2.  When  
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Figure 2.5. (A) UV/VIS spectra showing the relative transmission for non-templated SERS substrates 
deposited at 0.21 µm/s (bottom) and 0.84 µm/s (top). (B) Optical and, (C) SEM micrographs of non-
templated SERS substrates. Scale bars in (B) and (C) are correspondingly 10 mm and 5.0 µm. 

 

illuminated with white light at a small glancing angle, the ordered substrates produced a 

variety of intense colors due to Bragg diffraction (Fig. 2.4A).  Based on this color diffraction, 

the ordered and disordered substrates were easily distinguished prior to measuring their 

SERS performance.  After evaluating SERS performance in the continuous flow chamber, 

the substrates were characterized with SEM in order to verify the structure type, and to 

observe the exact pore symmetry in the metallic films.  

The non-templated substrates, like the templated ones, possess intrinsic nanoscale 

porosity imparted by aggregated nanoparticles.  An important distinction is that, in the case 

of non-templated substrates, the thickness can be finely tuned by controlling the deposition 

speed; more nanoparticle material is deposited in a given area at slower deposition speeds.[7]  

The relative thickness of non-templated substrates could be evaluated by comparing their 

relative transmission (Fig. 2.5A). The film thickness, L, was estimated using Eq. 2.1.   
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Figure 2.6. (A) Characteristic sodium cyanide spectrum after 10 minutes of 75 ppb NaCN in 0.1 M 
NaOH (2125 cm-1), and after subsequently passing deionized water through the flow cell (2133 cm-1). 
(B) Characteristic sodium cyanide spectra for ordered latex templated (top), disordered latex-
templated (middle), and non-templated (bottom) SERS substrates. (C) Averaged intensities of the 
2125 cm-1 and the 2133 cm-1 peaks collected from each SERS substrate type (five data points from 
each substrate). 

             
ερ −

=
1

1

A

m
L                                                           (2.1)         

The mass of gold in the film, m, is calculated from the original concentration of the gold 

suspension, ρ is the gold density, ε is the void fraction for randomly packed spheres, and A is 

the measured film area.  The average film thickness, L, determined by Equation 2.1 ranged 

from 352 nm for a low deposition speed of 0.21 µm/s to 34.5 nm for a high deposition speed 

of 8.4 µm/s.  Despite the fact that the deposited film structure consisted of multiple layers of 

gold nanoparticles, a significant amount of light penetrated the film.  Even for the thickest 

multilayer film that we could fabricate with our set-up, over 30% of the light was transmitted 

in the SPR band at 720-780 nm (Fig. 5A).  Micron-sized holes that penetrate the film were 

observed by SEM (Fig. 2.5C) and possibly contribute significantly to the optical 

transmission.  
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2.4.2. Effect of Substrate Structure on SERS Response: Role of Meso- and Microporosity 

A major finding of this work was that the SERS response of the aggregated nanoparticle 

substrates is strongly augmented with microsphere templating.  We observed a multifold 

increase in the Raman signal for cyanide adsorbed on the templated gold substrates, relative 

to the non-templated type (Fig. 2.6).  The substrates without any templating were only 

weakly enhancing, with a signal up to an order of magnitude lower than the structured 

templated ones.  The SERS response of the disordered templated substrates was intermediate 

between the ordered templated substrate and the non-templated substrate.  As reported in 

earlier studies,[5, 8] the Raman signal increases when the pH of the solution surrounding the 

adsorbed cyanide is lowered, even when the low pH water phase contains no cyanide.   The 

data presented here (Fig. 2.6A,C) confirm that this effect holds regardless of the substrate 

type.  The results prove that the sub-micron pores left behind by the latex beads are 

contributing to the higher enhancement of our substrates and more, the long-range ordering 

of the pores is also a significant factor in the SERS enhancement.  These results also 

demonstrate that the latex templating is one of the major ways to improve the sensitivity of 

SERS-based sensors. 

The substrates that we studied have very large surface area in comparison to 

microfabricated or vacuum deposited ones. The major source of this surface area is the 

mesoscale porosity imparted by the aggregated nanoparticles. This mesoscale porosity can 

contribute to the SERS enhancement both by increasing the local intensity of the surface 

plasmons,[9, 10] and by providing high surface area for analyte adsorption.   

The next major goal of this study was to understand the relationship between 

mesoporosity and SERS performance.  In order to characterize this parameter, we managed 

to remove much of the mesoporosity by controlled low-temperature fusion, while preserving 

the microscale porosity (Fig. 2.7B) imparted by the latex templates.  The elimination of the 

mesopores was accomplished by heating the templated substrates to the melting point of the 

gold nanoparticles.  Although the melting temperature of bulk gold is ~1064oC, it is well 

known that gold nanoparticles can melt at much lower temperatures due to the 

thermodynamic implications of their high surface area to volume ratio.[11]  The  
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Figure 2.7. (A), (B) Optical and SEM micrographs of the SERS substrate after (left), and before 
(right) fusion of the Au nanoparticles. SEM shows that the microscale features have been preserved. 
(C) Raman spectra collected sequentially (shown from left to right) from the highly annealed end to 
the non-annealed end.  The scale bar dimensions are: A – 1mm, B – 1 µm. 

 

nanoparticles can thus easily be fused by flame treating the templated gold substrates with a 

Bunsen burner.  After annealing for 30 sec, the substrate color changed from brownish-red to 

the color of bulk gold (Fig. 2.7A).  Additional evidence for particle fusion was shown by the 

extreme broadening of the surface plasmon resonance (SPR) peak centered on 780 nm, which 

indicates the formation of large continuous metal domains.  Visual examination of the metal 

films still revealed the Bragg diffraction colors, showing that the large-scale arrays of large 

micropores were preserved.  We also examined the flame treated substrates with SEM (Fig. 

2.7B) and verified that the microscale ordered pores were retained.     
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We were able to make single samples with a gradient of the mesoporosity, where the 

nanoparticles are all fused on one end and unchanged on the other.  The experiment of 

reducing mesoscale porosity by partial fusion was designed to collect and compare data from 

the same flow chamber and from the same substrate.  This was done by imposing a steep 

temperature gradient on the substrates.  The thermal gradient was imposed on the back side 

of one SERS substrates by holding the substrate at a 45 degree angle over a Bunsen burner so 

one side of the substrate is heated while the other remains cold.  This technique produced 

substrates that were highly annealed at one end, and only partially annealed at the other.  The 

spatial dependence was expressed by the gradual color change from golden at one end to 

reddish-brown at the other (Fig. 2.7A).   

The SERS cyanide peaks obtained by scanning the response of areas with different 

degrees of fusing is shown in Figure 2.7C.  The Raman signal from the completely fused 

substrates was not observed under these conditions.  A small peak appeared and increased as 

spectra were collected from less and less heated areas, and reached its normal height in the 

non-modified side of the substrate.  These data convincingly demonstrate that mesoporosity 

is a key factor directly related to high SERS performance.  It may be expected that more 

porous substrates generate stronger plasmon resonances on their surfaces.  This may not be 

the major effect here, as the surface plasmon intensity in a continuous metal structure (i.e. the 

fully annealed case) is modulated by features comparable to the wavelength of light, and not 

affected too much by nanoscale features.[12, 13]  Our working hypothesis is that the large 

SERS response collected from the mesoporous substrates is more closely correlated to the 

large surface area.  This large surface area allows more cyanide to adsorb from the 

surrounding solution.  In summary, this cycle of experiments proved that both the micro- and 

the nanopores contribute to the high enhancement of our substrates, but the nanopores are the 

ones leading to the key effect.   

 

2.4.3. Effect of Gold Nanoparticle Surface Loading  

The quantity of metallic gold required for making these substrates is rather small.  The 

optimization of substrate performance and cost of fabrication, however, required 

understanding the correlation between the amount of metal nanoparticles deposited per unit 

area, and the strength of the SERS signal.  A major advantage of the convective assembly  



 41

 

Figure 2.8. Averaged cyanide peak intensity for SERS substrates with different thicknesses at high 
(A) and low pH (B).  

 

technique is that it allowed us to easily control the film thickness by varying the deposition 

speed.  To characterize the effect of film thickness, we compared the sodium cyanide peak 

intensity for substrates with different thicknesses. These experiments were performed on 

non-templated gold substrates rather than with templated ones, as the structure of the large 

pores in the templating multilayer colloidal sphere crystals changes with thickness.[7]  

Although the non-templated substrates have much lower Raman signal than the templated 

ones (cf. with Fig. 2.6) spectra were reliably registered in some of the areas studied.  

Between 40 and 60 percent of the spots analyzed produced a signal to noise ratio less than 

three.  These data points were discarded, and are not represented in Figure 2.8.  The averaged 

peak intensity data for substrates with increasing thickness vary from sample to sample, but 

the lack of clear trend points out that there was no strong correlation between gold particle 

loading and Raman intensity (Fig. 2.8).  This is a surprising result with important practical 

consequences.  The most probable explanation is that because of the attenuation of the 

excitation light by the metallic gold, the SERS enhancement occurs only in the thin topmost 

layer of gold nanoparticles, and the number of underlying gold layers does not affect the 

result significantly.  The practical significance of this result is that only a relatively thin layer 

of tens of nanometers of gold is required to generate a strong signal and thus the amount of 

the gold nanoparticles deposited onto the surface can be reduced without significant 
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degradation of the substrate quality. The same conclusions are possibly also valid for 

templated porous substrates (resulting in an optimal thickness of ca. 2 layers of pores), but 

direct experimental verification in this case is more difficult. 

Figure 2.9. Distribution of Raman intensity data for disordered and ordered templated substrates (cf. 
with Fig. 2.4) for 75 ppb cyanide.  The data scattering was 25% for the ordered templated substrate 
and 17% for the disordered templated substrate.   

 

2.4.4. Statistical Analysis of Substrate Variability 

SERS has been proven to be a method with high sensitivity, but so far has found little 

application in practical detection devices and assays.  One of the major reasons for this is the 

lack of standardized substrates that would have uniform and reproducible SERS performance 

on any equipment.  The existence of "hot" and correspondingly "cold" spots on the surface of 

some substrates is interesting for understanding the fundamentals of the enhancement effects, 

but could be a major impediment in the practical application of the substrates, where 

alignment and optimization is typically not possible.  The use of silver could also be a source 

of poor reproducibility due to contamination and oxidation of the metal surface.  In order to 

develop an effective SERS-based sensor it is important to statistically quantify the SERS 

performance, and understand the source(s) of the variability.  As a first step we have looked 

at this variability by comparing the inter- and intra-substrate SERS performance.    
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Inter-substrate variability can potentially arise during manufacturing if the deposition 

method is not reproducible. This source of error is not a fatal flaw since each substrate can be 

calibrated prior to use.  To evaluate this variability, a statistical analysis was carried out on 

two sample pools by directly comparing the enhanced-Raman signal collected from different 

substrates.   

 The first sample pool consisted of four substrates fabricated over a 12 month period.  

The experiments were conducted on different instruments using the same laser power, 

collection time, and solution conditions (75 ppb NaCN).  The analysis of this sample pool 

was performed in order to get a rough estimate of the influence of substrate age and 

instrumentation type.  The results plotted as histograms in Figure 2.9 show that the ordered 

templated substrates consistently produced a signal better than ca. 750 a.u., even after an 

arbitrary storage time, and at any area sampled.  The performance of the disordered 

templated substrates was worse in terms of intensity, yet the scattering of the data was about 

the same.   

The second sample pool consisted of substrates templated with 600 nm latex instead of 

650 nm latex.  The results are based on three substrates for each concentration tested.  

Twenty data points were collected from randomly chosen spots on the ordered and 

disordered region of each substrate.  The results are tabulated in Table 2.1.  As with sample 

pool one, the data scattering of the ordered and disordered regions was roughly the same.   

The scattering between sample pool one and two is also roughly the same.  This indicates 

that the inter-substrate variability is not affected much by storage time or choice of  

 

Table 2.1. The effect of ordering on the average Raman intensity and data scattering over a range of 
concentrations. 

Cyanide 
concentration, 

ppb 

Disordered region 
average peak 
height, a.u. 

Disordered region, 
% error 

Ordered region 
average peak 
height, a.u. 

Ordered region, 
% error 

75 217 23 520 18 

100 296 24 613 10 

150 550 8 837 19 

200 591 24 902 20 

250 835 16 931 7 
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Figure 2.10.  (A) Receiver operating characteristic curves calculated from a sample size of 60 data 
points for each concentration.  (B) Limit of detection based on a 5% probability of false alarm. 

 

instrumentation.  Interestingly, the 600 nm latex samples had a lower average Raman 

intensity (cf. with Fig. 2.9).  This observation demonstrates the importance of micropore size.   

Intra-substrate variability is a common flaw with SERS substrates.  This problem can 

potentially lead to unacceptably high false alarm rates.  With all sensors there is a trade off 

between sensitivity and probability of false detection.  A common method used to assess the 

variability of a diagnostic test or sensor is the Receiver Operating Characteristic (ROC) 

curve.  The intra-substrate reproducibility is automatically factored into the analysis in order 

to provide a user confidence threshold based on a given sensitivity level.[14]  The ROC 

curves shown in Figure 2.10 were formulated from a sample size consisting of 60 data points 

for each cyanide concentration.  Receiver operating characteristic (ROC) curve analysis for 

cyanide in water revealed a limit of detection (LOD) of ca. 150 ppb based on a 5% 

probability of false alarm.  This LOD is roughly the same as that reported for silver 

electrodes[8] even though silver is generally reported to yield higher enhancements 

factors.[15]  The results point out that the templated substrates are likely to have the 

reproducibility, stability, and high enhancement required for practical application in routine 

SERS analysis and chemical detection of cyanide.     

 

2.5. Concluding Remarks: Engineering of Substrate Structure 

The first source of enhancement is the micropores templated by the latex spheres.  This 

can be expected, having in mind that the size of these pores (typically 650 nm) is comparable 
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to the wavelength of the excitation laser beam.  We observed that the long range organization 

of the pore arrays in hexagonal and square symmetry also contributes to the strength of the 

enhancement; much stronger signals are observed when the pores are periodically organized.  

This effect has been reported previously with microfabricated substrates,[16] but we are the 

first to observe it with self-assembled nanoparticle substrates.  This effect possibly originates 

from long-range resonance of the light and plasmons within the aligned spherical cavities 

(broadly similar to diffraction resonance phenomena).  Theoretical understanding of this 

phenomenon could lead to interesting insights on the microphotonic properties of the 

substrates.   

The results also prove that the mesoscale porosity is an even more significant factor in 

the electromagnetic enhancement.  Elimination of the mesoporous component imparted by 

the aggregated gold nanoparticles completely eliminates the signal under the conditions 

tested here.  Research on evaporated silver films has shown that adsorbate molecules residing 

in the mesopores provide the predominate contribution to the enhanced Raman signal.[17, 

18]  Our results confirm the earlier results on the importance of mesoporosity.  We believe 

that the very high surface area of aggregated particle substrates compared to any alternative 

structures made by vacuum metal deposition provides additional increase of the Raman 

signal intensity.  The self-assembly process is not only simple, but creates SERS substrates 

with very high surface area that largely improves detection sensitivity.  We have also shown 

that the thickness of the substrates is not a major factor contributing to their performance, so 

we can use only very thin layers of templated gold nanoparticles.   
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Chapter 3.  Rapid Deposition and Long Range Alignment of Nanocoatings 

and Wires from Tobacco Mosaic Virus*  
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3.1 Introduction 

Nanostructured and mesoscopically ordered architectures based on biomaterial templates 

could be useful for making integrated mechanical, optical and electronic devices.[1]  

Schemes for fabricating such devices could employ patterned functional biomaterials, which 

are subsequently used as scaffolds for directed growth of inorganic materials.  Tobacco 

mosaic virus (TMV) and M13 bacteriophage are particularly interesting as bioscaffolds 

owing to the combined chemical functionality of the virus coat protein, low size 

polydispersity and length scales which bridge the gap between traditional bottom-up and top-

down fabrication schemes.[2]  TMV is a rod-shaped virus (300 nm in length and 18 nm in 

diameter), which forms lyotropic liquid crystals.  Above a certain critical concentration, 

suspensions of TMV undergo an isotropic-nematic (I-N) transition.  Even below the  I-N 

transition, [3] formation of phase separated fibrillar aggregates can be observed in suspension 

of concentrated TMV (Fig. 3.1) When droplets of such suspensions are placed on a substrate 

to dry they exhibit alignment and stretching of the fibrillar domains normal to the three-phase 

contact line (Fig. 3.1).  As the meniscus recedes these aggregates are deposited as fibers and 

strands on the substrate.   

Recent advances in biomimetic synthesis of inorganic materials using genetically 

engineered viruses and proteins have opened the door to new organic-inorganic composites 

containing metals, silica and semiconductors.[4-11]  The major challenge in using such 

bioscaffolds in technology lies in developing new surface patterning techniques that are 

controllable, reproducible and efficient. Current molecular and colloidal self-assembly 

techniques for patterning surfaces with functional biomaterials include Langmuir-Blodgett 

lithography,[12-14] templating in sessile droplets with imposed shear,[15-19] self-assembly 

driven by dewetting or chemoselective interactions on micropatterned surfaces,[21-23] and 

electrostatic layer-by-layer assembly.[24]  Although deposition from sessile drops may be 

useful for fabricating multiplexed arrays of TMV dots and patches, we wanted to be able to 

exert operational control over fiber orientation for long range alignment of nanocoating and 

wires.  In this chapter a versatile technique for rapidly assembling large-scale nanocoatings 

and ordered fibers from tobacco mosaic virus, and converting them into electrically 

functional structures is presented.  The nanofilms were deposited using flow assembly for 

organizing and aligning TMV into arrays of fibers and wires on surfaces using the apparatus 
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Figure 3.1.  (a) Bright field image of a freely receding meniscus showing TMV fiber alignment in 
suspension normal to the three-phase contact line from a suspension of 40 mg/mL TMV suspension. 
Appearance of the phase separated aggregated at concentration of (b) 5 mg mL-1 and (c) 40 mg mL-1 
in 10 mM phosphate buffer at pH 6.8 

 

developed by us for convective assembly of structured colloidal crystal films.[25, 26]  These 

arrays were of controlled thickness, structure and long-range virus orientation.  The density 

and branching of the virus structures were controlled by varying the substrate wettability, 

meniscus withdrawal speed and evaporation rate.  The virus fibers were then converted into 

anisotropically conductive arrays of wires of lengths of multiple centimeters by conjugation 

of gold nanoparticles followed by silver metal deposition. 

 

 

 

Figure 3.2.  Schematic of the apparatus for depositing aligned virus fiber coatings.  The TMV 
suspension is entrained between the two plates.  The top plate is attached to a linear motor and 
controllable withdrawn over the bottom substrate as the suspension evaporates. 
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3.2. Experimental Section 

3.2.1. Materials 

Aqueous suspensions of gold nanoparticles were synthesized using a standard citrate 

reduction protocol described in the literature.[27]  TMV was provided by Dr. Matthew 

Francis (UC Berkeley) and suspended in 10 mM phosphate buffer at pH 6.8.  The TMV 

coatings were deposited onto standard 25 × 75 mm glass microscope slides (Fisher Scientific, 

PA).  Glutaraldehyde (Sigma-Aldrich) for fixation was purchased at 70 wt% and diluted to 3 

wt%.  Dithiobis(N-succinimidyl propionate) (Sigma-Aldrich) powder was dissolved in 

deionized water to yield a saturated solution before use.  An SE-100 silver enhancer kit 

(Sigma-Aldrich) was used according to the manufacturer's protocol.   Prior to virus wire 

deposition glass microscope slides were cleaned in NoChromix (Godax Laboratories) for 12 

hrs, thoroughly washed in deionized water using a Millipore RiOs 16 system, and oven dried 

at 70oC.  This procedure yielded hydrophilic substrates with a water contact angle < 4°.  The 

hydrophobic substrates with receding water contact angle of ~ 100° were prepared by 

exposing the cleaned glass slides to the vapors of a dichlorodimethylsilane (Sigma-Aldrich). 

 

3.2.2. Coating Procedure 

The deposition method for assembling large scale Au nanoparticle coating can be 

implemented in a continuous process for directly producing TMV coating.  The structured 

coatings were deposited by entraining ~ 20 µL of TMV suspension between two glass plates 

(Fig. 3.2).  The top plate was attached to a linear motor and translated horizontally at a 

constant velocity (21.1 - 164 µm/s).  A humidity controlled box was used for adjusting the 

evaporation rate of the TMV suspension.  The evaporation rate was increased by reducing the 

partial pressure of water vapor above the meniscus by replacing the ambient air in the 

humidity control box with dry nitrogen.  This step effectively dropped the relative humidity 

to ~ 2 %.  For all experiments the laboratory temperature was set at 22° C.  To verify that the 

coatings and wires were solely derived from virus deposition and virus-directed 

bioconjugation for particle assembly, the null experiments were performed with solutions 

containing only buffer.  For the null case none of the described structures were observed.   
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3.3.4. Characterization 

Optical micrographs were acquired with an Olympus BX61 optical microscope equipped 

with a Toshiba PDR-M81 digital camera.  SEM imaging of the coated substrates was 

performed with a JEOL F64 FESEM or a Phillips XL series SEM at 5-10 kV accelerating 

voltage.  UV/Vis spectroscopy was performed with a Jasco V550 UV-Vis spectrophotometer.  

AFM data was acquired on a Nanoscope IIIa AFM, under the following conditions of; 1µm × 

1µm phase contrast; z-range phase 35°.  Conductivity measurements were performed using a 

two-terminal probe with a 20 mm gap.   

Figure 3.3. SEM micrographs of (a) 5 mg mL-1, (b) 10 mg mL-1 and (c) 59 mg mL-1 TMV suspension 
deposited on hydrophilic substrates at a  meniscus withdrawal velocity of 21.1 µm/s (d) AFM 
micrograph of an individual fiber from c) showing the TMV virion alignment direction.  The 
experimental conditions are 40 % relative humidity and 22° C.  Scale bars are a) – c) 5.0 µm and d) 
0.25 µm. 

 

3.3. Results and Discussion  

3.3.1 Effect of Substrate Wettability 

Deposition on hydrophilic substrates. In this section the effect of major parameters 

controlling the process of assembly are described in detail.  First we characterized the 

dependence of TMV fiber structure on how well the aqueous suspension wetted the substrate.  

Under ambient laboratory conditions the direction of fiber alignment was normal to the 

contact line and parallel with the direction of meniscus withdrawal.  Dense arrays of narrow 
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fibers were deposited when a hydrophilic glass substrate with contact angle less than 4° was 

used (Fig. 3.3) The diameter of the strands at low concentration (Fig. 3.3a) were typically 

between four and eight viruses wide.  Depositing fibers at a higher concentration (Fig. 3.3 b, 

c) effectively increased fiber diameter while at the same time decreased the spacing between 

individual fibers.  The parallel linear fibers in all cases were contiguous and spanned the 

entire length (multiple centimeters) of the substrate.  Atomic force microscopy (AFM) 

analysis revealed that the individual TMV virions were hierarchically organized in the 

direction of fiber orientation (Fig. 3.3d).   

Figure 3.4. SEM micrographs of cross-sectioned TMV fibers deposited at a) 40 % humidity and b) 
2% humidity showing the effect of evaporation rate on film thickness.  Scale bars in a) and b) are 2 
µm and 5 µm.  

 

Next we characterized the dependence of coating structure on the evaporation rate of the 

suspension for a range of TMV concentrations.  A comparison of the coating deposited at the 

different evaporation rates revealed that TMV concentration seemed to have the overriding 

affect on fiber diameter (cf. Fig 3.3 with Figs 3.4 & 3.5).  Cross-sectional comparison of the 

coating revealed that the increased evaporation rate had the general effect of producing 

thicker coating and more densely packed fiber arrays (Fig. 3.4).  This result was not 

unexpected as more material was deposited over a given surface area at the enhanced 

evaporation rate.  However, an unexpected result was observed when depositing dilute TMV 

suspension at the highest evaporation rate (Fig. 3.5b).   The individual fibers in these cases 

aligned parallel to the three-phase contact line with the undulatory-type structure.  The 

switching in alignment direction with evaporation rate and TMV concentration could have 

important implications in terms of understanding the mechanism of assembly and deposition.    
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Figure 3.5. SEM micrographs of a) 59mg mL-1 and b) 10 mg mL-1 suspensions deposited at 2 % 
relative humidity showing the effect of TMV concentration on fiber alignment direction at the 
enhanced evaporation rate.  The meniscus withdrawal velocity was the same as in Figure 3.3.  Scale 
bars in a) and b) are 2 µm and 10 µm.  

 

Figure 3.6.  Proposed mechanism of assembly on hydrophilic substrates.  (top) Pre-ordering occurs 
away from the contact line due to the existence of velocity gradients in the recirculatory flow.  
(bottom-left) Shear gradient assembly at the contact line promotes fiber deposition parallel to the 
direction of meniscus withdrawal when depositing concentred, viscous TMV suspensions.  (bottom-
right) Convective assembly at high evaporation rates promotes fiber deposition orthogonal to the 
direction of meniscus withdrawal when depositing dilute, less viscous TMV suspensions.   
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We developed a two part working hypothesis for explaining the mechanism of assembly: 

1) Evaporation-induced re-circulatory flow stretches and aligns fibrillar aggregates in the 

bulk, and 2) the process of meniscus withdrawal in our experimental setup imposes viscous 

shear that further directs the orientation and elongation of the fibrillar aggregates near the 

contact line.  The proposed mechanism is illustrated pictorially in Figure 3.6.   

Recirculatory-driven elongation of DNA molecules has been observed in drying droplets 

using fluorescence microscopy.[28]  In such cases, a velocity gradient arises in the direction 

transverse to the flow due to the opposite direction of convection at the top and bottom of the 

droplet.   The observed alignment of TMV fibers from sessile droplets in our experiments 

(Fig. 3.1) resembles such flow-based DNA stretching.  The fibrillar elongation mechanism in 

the flow coating apparatus is likely similar, although the meniscus in the apparatus was 

difficult to image by microscopy because it was obscured by the deposition plate.   

The mechanism of alignment in the confined geometry of the wedge region near the 

contact line is dependent on suspension viscosity and evaporation rate (Fig. 3.6-bottom).  A 

critical element in our experimental setup is the process of meniscus withdrawal.  A shear 

gradient is imposed next to the surface by dragging the meniscus across the solid substrate.  

Such shear gradients stemming from imposed flow over surfaces or in channels have been 

shown to cause alignment of anisotropic particles parallel to the direction of flow.[29]   

Even with imposed flow, however, the TMV fiber alignment was orthogonal to the 

expected direction when the experiment was performed at 2 % humidity, and with TMV 

concentration less than 10 mg mL-1.  For these low humidity experiments, the enhanced 

evaporation rate may cause a strong evaporation-induced flow towards the contact line, 

similar to the convective assembly mechanism.  Notably, specific viscosity measurements of 

aqueous TMV show a strong concentration dependence with a sharp increase in viscosity 

above ~ 10 mg mL-1.[30]  The evaporation-induced flow mechanism may dominate over the 

shear gradient mechanism with dilute suspensions because the viscosity is lower.  Recently 

dilute suspensions of carbon nanotubes and actine filaments have been aligned in the same 

direction as the TMV coatings shown Figure 3.5b by convective assembly using a dip 

coating setup similar to our experimental apparatus.[31, 32]   

A surprising result was observed for high withdrawal speeds greater than 63.3 µm s-1 on 

the hydrophilic substrate (Fig. 3.7).  While it is expected that higher withdrawal speeds will 
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produce greater shear forces and even better orientation, the coatings showed a non-aligned 

weblike morphology.  Although the complex interplay of shear and evaporation is not 

completely understood at this point, our working hypothesis is that the higher withdrawal 

speed effectively spread a thin film over the substrate which disrupted the process of fiber 

alignment in the bulk.  Some dewetting may have also occurred and the fiber orientation is 

weblike since the nucleation centers where dewetting begins are randomly oriented. 

 

Figure 3.7.  Structure of the virus films when the meniscus was rapidly withdrawn across the 
hydrophilic substrate at a rate of 147.7 µm s-1.  Scale bars in a) and b) are 10µm and 2 µm. 

 

Deposition on hydrophobic substrates. When a hydrophobized glass surface of advancing 

contact angle ~ 100° was used as a substrate, the fibers were thicker (microns in width), 

branched and spaced farther apart.  This pointed out that the hydrophobicity of the substrate 

was a major controlling parameter.  Direct observation of the receding meniscus of droplets 

in these cases showed that the TMV is deposited by further organization of the fibers into 

contiguous wires by dewetting (Fig. 3.8).   As the meniscus recedes fingering instabilities 

nucleate along the contact line and the fibers coalescence into large bundles.  The receding 

meniscus serves to orient the alignment direction of the parallel wires normal to the contact 

line.  

The extent of branching and core wire diameter could be controlled by varying the 

withdrawal speed of the contact line (Fig. 3.9).  Most of the fibers that formed had a core that 

extended uninterrupted across the entire length of the substrate.  The highest withdrawal  
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Figure 3.8. Phase contrast optical image of the freely receding meniscus of a sessile droplet on a 
hydrophobic substrate.   The process of fiber coalescence is nucleated by dewetting at the contact 
line.  Scale bar is 100 µm. 

 

speed studied promoted formation of thin, highly branched fibers with average core diameter 

of ~ 1.5 µm (Fig. 3.9c).  Thicker, less branched fibers with average diameter of ~ 10 µm 

were formed at the lowest withdrawal speed studied.  Fingering instabilities and dewetting-

driven assembly have been observed with nanoparticle systems where dewetting occurs at a 

moving three-phase contact line,[14, 33, 34] but not on the length scale of multiple 

centimeters achieved here. The major advantages derived from using this technique are - (1) 

The direction and speed of meniscus withdrawal, and hence the positioning and alignment of 

fiber deposition is easily controlled, (2) the method is very efficient, so only microliters of 

virus suspension are required to coat a standard 2.5 × 7.5 cm glass microscope slide with 

parallel fibers of TMV, and (3) the device can be easily scaled up, so the process can be used 

to coat much larger substrates. 

Figure 3.9. Dark field optical images of TMV wire deposition on hydrophobic substrates at 
withdrawal speeds of (a) 5 µm s-1, b) 21 µm s-1 and (c) 60 µm s-1. Scale bars are 25 µm. 
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Figure 3.10. (a) Schematic of the procedure for fixation, Au nanoparticle conjugation, and Ag 
enhancement of the TMV wires.  (b) UV/Vis absorption spectra of the coated substrate after the 
stages of (ii) glutaraldehyde fixation, (iii) Au conjugation, and (iv) Ag enhancing.   

 

3.3.2. Electroless Nanoparticle Conjugation and Silver Plating to the TMV Fibers 

A three-step procedure for metallizing the TMV fibers was developed (Fig. 3.10a):  (1) 

The fibers were fixed by submersing the coated substrate into a 3 wt% glutaraldehyde 

solution for 15 min.  The glutaraldehyde crosslinked the TMV virions in the fibers, which 

also served to prevent the fibers from peeling away during the subsequent metallization step.  

(2) Gold nanoparticles were attached to the virus surfaces in the fibers. The 10 nm 

nanoparticles were synthesized using a citrate reduction protocol and chemically modified 

with dithiobis(N-succinimidyl propionate).  The substrates with the fixed virus wires were 

submerged into the Au particles suspension for 2 - 3 hr. The modified Au particles 

conjugated through formation of amide bond to the protein coat on the TMV, although 
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electrostatic effects may also contribute to the binding.  Since both the glutaraldehyde 

fixative from step (1) and the active succinimide ester conjugation from step (2) compete for 

reaction with amines, we found it critical to limit the reaction time with glutaraldehyde such 

that amine groups on the virus coat remained for attaching Au particles.  (3) A silver 

enhancer kit was used for electroless deposition of a layer of Ag over the conjugated Au 

particles.  All steps in this procedure were followed by extensive washing to remove residual 

reactants and electrolyte from the surface.   

We found that a combination of optical microscopy and UV/Vis spectroscopy allowed 

for efficiently evaluating the success of each phase in this process (Fig. 3b).  A distinct peak 

at 530 nm emerged after nanoparticle conjugation due to the Au surface plasmon absorption 

bands.  This peak widened and red-shifted during Ag enhancement due to the increase in size 

of the metal domains.  A final peak centering at around 580 nm indicated that the Ag 

particles were aggregated, at which stage they yielded conductive wires.   

Characterization of electrical properties.  The fiber metallization process resulted in 

substrates coated with arrays of electrically conductive wires spanning areas larger than a 

few centimeters (Fig. 3.11a-c).  The metal-plated virus wires had an order of magnitude 

difference in the values of conductivity between two-terminal measurements inline (parallel) 

with fiber alignment and measurements orthogonal with fiber alignment.  The I-V 

dependence was highly linear (r2 = 0.9999) showing that the conductivity behavior is ohmic 

(Fig 3.11d).  The averaged inline and orthogonal conductivities of a typical substrate 

measured from the slope of the I-V line were 15.7 Ω-1 and 1.7 Ω-1 respectively, proving that 

the coating is predominantly conductive in the direction of the metallized virus fibers.  Direct 

comparison of these conductivity data to bulk metal conductivity is problematic owing to the 

difficulty of accurately estimating the cross-sectional area of the metallized portion of the 

virus wires.  One intriguing question is what is the origin of conductivity measured in the 

direction orthogonal with wire orientation.  Based on the microscopy images of the 

metallized wires (Fig. 3.11a-c) we believe that this conductivity stemmed from non-specific 

metallization and overlap between the filamentous branches off the trunks of the microwires. 

These two factors may allow for the low leakage current perpendicular to the overall 

alignment of the main wires.  The order of magnitude difference in conductivity can possibly 

be enhanced with further refinement of the metallization and deposition techniques. 
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Figure 3.11. (a, c) Bright field optical and (b) SEM images of Ag-enhanced virus wires.  (d) I-V 
curves for the inline and crossed measurements.  Conductivity measurements were performed using a 
two-terminal probe with a 20 mm gap.  The points in the I-V curves are averaged results from 60 
randomly chosen spots taken over the coated substrate.   

 

3.4. Conclusions 

In conclusion, a single-step technique for depositing hierarchically ordered and aligned 

arrays of virus fibers over macroscopic length scales was developed and characterized.  The 

deposition process allows for facile control of the fiber structure through the operational 

parameters of withdrawal speed and substrate wettability.  Shear-induced alignment is largely 

responsible for the long-range organization during the coating process with these viscous 

TMV suspensions.  By controlling the deposition parameters a range of fiber architectures 

from linear wires with minimal branching to weblike assemblies were fabricated.  A second 
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important process observed stems from dewetting at the three-phase contact line upon 

meniscus withdrawal.  This results in the deposition of very long contiguous virus fibers.  

Since the dewetting and shear-induced alignment mechanisms are localized near the three-

phase contact line the process of deposition is size-independent on the volume of entrained 

liquid.  Thereby, the physical process of fiber deposition should even be scalable beyond the 

centimeter length scales demonstrated here.  It seems reasonable to propose that limitations 

on fiber lengths obtainable are only subject to limitations on the size of the deposition 

apparatus.  A procedure was formulated for selectively metallizing these fibers into wires.  

This allowed making large uniform coatings of highly anisotropic conductivity. Such 

precisely deposited bioscaffold materials and patterns can find applications in sensors and 

nanoelectronic, plasmonic and bioelectronic circuits and devices. 
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Chapter 4.  Colloidal Crystal Formation from Drying Sessile Droplets* 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 
* Partially bases on Kuncicky and Velev, Langmuir, submitted and Kuncicky, Bose, Costa and Velev. 
Chem. Mater., 19, 141-143, 2007. 
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4.1. Introduction 

The ability to controllably fabricate miniature particle assemblies from organic and 

inorganic particles could benefit a wide breadth of research and technology areas.  Examples 

are microassay chip manufacturing,[1,2] miniaturized photonic band gap materials,[3] ink jet 

printing[4,5] and biomechanical probes for characterization of cells and tissue.[6] Micron to 

millimeter sized 2D and 3D arrays of colloidal particles have been fabricated by assembly in 

confined geometries,[7-11] capillary flow and evaporative flux driven assembly on patterned 

surfaces,[12-14] ink jet printing,[15] nanomanipulation[16] and dielectrophoresis.[17]   The 

electro-optical, mechanical or chemical functionality of such materials derives not only from 

the particle symmetry, but also from the overall shape and homogeneity of the particle 

ensemble.   

Drying a sessile drop of colloidal suspension on a surface is seemingly a simple 

fabrication strategy as no complex equipment or micro-fabrication steps are required.  As the 

droplet dries, the meniscus could serve as a template to direct the shape of the resulting 

colloidal crystal.  It turns out, however, that the mechanism of particle assembly can vary 

depending on the dynamics of the receding contact line.[18,19]  Hence controlling the shape 

and quality of the colloidal crystal can be tedious.  Two distinctive modes of evaporation 

have been described in the literature.  The droplets could dry with a constant contact area and 

decreasing contact angle, or constant contact angle with decreasing contact area.[20]  

On hydrophilic surfaces, the constant contact area mode is commonly observed as the 

contact line is pinned while the solvent evaporates.  The particles could contribute to pinning 

by jamming into the wedge region that forms near the contact line.[21,22]  Formation of 

uniform micropatches is hindered in these cases as the particles are typically transported to 

the periphery to compensate for the loss of solvent due to evaporation, and in the process 

form ring-like deposits.[18,19,23-26] 

The constant contact angle drying mode is observed on partially wettable surfaces.  On 

such hydrophobic surfaces the line recedes during much of the drying process.  The particles 

crystallize as the free volume is reduced with evaporation.  The resulting colloidal crystal 

micropatch can take the form of a spherical cap with geometry dictated by the receding 

contact angle.  Particle assemblies fabricating with sessile droplet templating are shown in 
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Figure 4.1, illustrating the effect of the two distinctive modes of evaporation on final 

micropatch architecture.   

Deegan et al. formulated a mathematical basis for describing the convective flow 

responsible for particle transport in the drying drops.[19]  The theoretical analysis is based on 

the fact that the equilibrium shape of the drop is maintained as solvent evaporates.  When the 

contact line is pinned, the loss of solvent to evaporation necessarily squeezes the fluid 

outward as the meniscus flattens.  A number of studies have also described the effect of the 

spatially varying evaporation rate near the contact line on internal flow patterns and the 

process of particle assembly from drying sessile drops. [19,22,27]   

Hu and Larson improved upon the model of Deegan et al., and also included the effects 

of Marangoni stresses due to thermal gradients along the meniscus surface.  The difference in 

heat conduction path length across sessile drops was shown to promotes an inward 

circulatory flow.[28]  The experiments reinforced the connection between circulatory flow 

patterns and the distribution of particles deposited onto the solid surface when the contact 

line was pinned.  Based on this type of analysis it has been suggested that staged temperature 

control could be useful for making uniform coatings by balancing outward convective 

assembly with temperature-enhanced Marangoni convection to the droplet center.[29]  Chang  

 

Figure 4.1. Optical micrographs showing examples of the a) ring stain and b) spherical cap geometry.  
The micropatches were deposited by drying microliters of suspension on substrates of controlled 
wettability.  c) SEM micrograph of a micropatch deposited from nanoliters of suspension  d) SEM 
micrograph showing the polycrystalline ordering of the micropatch in (b). The scale bars shown in (a 
– d) correspond to 0.5 mm, 0.25 mm, 0.75 µm, 2 µm. 



 67

and Velev successfully demonstrated fabrication of 3D colloidal crystal structures based on 

such circulation driven assembly in freely suspended spherical drops.[10]  Attempts to exert 

intricate flow control in sessile drops have so far proven difficult.   

Recently, Kuncicky et al. reported that high contact angles are a necessary, but not 

sufficient condition for maintaining the hemispherical shape of the meniscus during drying.  

The final form also depends on the initial particle concentration.[6] In this chapter an 

alternative pathway for controlling the shape, uniformity and particle distribution in colloidal 

crystal micropatches by judicious choice of contact angle and initial particle concentration is 

demonstrated.  An aqueous suspension of charge-stabilized polystyrene (PS) microspheres 

was chosen as a model system for this study.  This system provides a good basis since the PS 

microspheres are commonly used for fabrication of advanced materials and colloidal crystals 

with other assembly motifs. The understanding gained from this research could be widely 

beneficial to the variety of technological applications and research areas that require 

deposition of non-volatile components from evaporating droplets. 

 

4.2. Materials and Methods 

4.2.1. Colloidal Suspension and Substrate Preparation  

Sulfate-stabilized, polystyrene latex microspheres (IDC, Portland, OR) were obtained at 

~ 8 wt%.  The microsphere diameter was 600 nm unless otherwise specified.  According to 

the product specifications, the surface charge density of sulfate groups was between 2.8 and 

3.1 µC cm-2.  The coefficient of variation in particle diameter was between 2 and 3 % 

depending on the batch and mean particle diameter.  Residual contamination and 

preservatives were removed by gentle centrifugation followed by replacing of the supernatant 

with ultrapure  

Table 4.1. Description and properties of substrates used in the sessile droplet templating experiments. 

Substrate type θa, degrees θr, degrees RMS surface roughness, nm 
Dichlorodimethyl silane 104 ± 1 101 ± 2 5.8 

Polystyrene 85 ± 2 80 ± 3 5.6 
Mercaptodecanoic acid 56 ± 5 47 ± 4 6.3 

Glassa 41 ± 4 32 ± 5 11.3 
Glassb vanishing - 9.1 

a – Soda lime glass plate,  b – Glass microscope slide 
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deionized water obtained from a Millipore RiOs 16 system.  The washing process was 

repeated four times prior to the experiments, and was found critical to obtain reproducible 

data.  Citrate- stabilized gold nanoparticles were synthesized to yield a concentration of ~ 

6×10-3 wt % using a well-known protocol.[30]  Prior to use, the suspension was concentrated 

to ~ 0.6 wt % using Centricon Plus-20 centrifugal filter units (Millipore, Billerica, MA).  The 

gold suspension was first centrifuged at 1500×g for 10 minutes followed by a repeat cycle 

with ultra-pure deionized.  The retentate was recovered by an invert spin at 1100×g for 5 

minutes.  In the final step, the gold suspension was concentrated to ~ 5 wt % by 

sedimentation in a microcentrifuge.    

The substrates used for the drying experiments were chosen to cover a broad range of 

contact angles from ~ 4° to 101°.  The advancing, θa, and receding, θr, contact angles and 

RMS roughness values for each substrate tested are shown in Table 4.1.   Glass microscope 

slides turned out to be a convenient starting material for substrate preparation since well-

established techniques are readily available for chemical treating the surface for controlling 

contact angle.  The glass microscope slides (Fisher Scientific, PA) were first cleaned in 

Nochromix® (Godax Laboratories, Inc., MD USA) overnight, thoroughly rinsed with 

deionized water from a Millipore RiOs 16 system, and oven dried at 70oC.  This process 

yielded a surface with vanishing contact angle.  The cleaned slides were then exposed to 

dichlorodimethylsilane vapors (Sigma-Aldrich) in a closed chamber for 15 minutes at 25o C 

to yield a hydrophobic surface with contact angle of 101°.  To prepare a hydrophilic surface 

with receding contact angle, θr = 47°, first a layer of 10 nm chromium followed by 90 nm 

gold are deposited by thermal evaporation (Cooke Vacuum Products) onto the glass slide.  

Then, the gold coated surface was submerged in a 1 mg mL-1 ethanol solution of 

mercaptodecanoic acid (Sigma-Aldrich) in a sealed container for 12 hrs.  Polystyrene slides 

(Fisher Scientific) served as a moderately hydrophobic substrate with θr = 80°.  Soda Lime 

glass plates cleaned with detergent and thoroughly rinsed yielded a substrate with θr  = 32°. 

 

4.2.2. Colloidal Crystal Micropatch Preparation  

The micropatches were formed by drying a sessile droplet of latex suspension on a surface 

of controlled contact angle.  Unless stated otherwise 4 µL droplets were used throughout the 
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experiments and no other solution modifications such as adding surfactant or adjusting pH 

were made to the suspension prior to deposition.  The whole apparatus was placed into an 

unsealed box which served to isolate the drop from air currents in the room.  This ensured 

that the evaporation dynamics were diffusion controlled and reproducible.  The experiments 

were performed at ~ 22° C and 40 - 50 % relative humidity.  

Figure 4.2.  The height, h, contact radius, R, cross-section area, A and contact angle θ are measured 
from side profile digital images.  Based on the spherical cap geometry, any two of these measurables 
can be used to calculate droplet volume, V. 
 
4.2.3. Data Collection and Analysis   

Droplet side profiles were measured with a drop shape analyzer consisting of a level 

stage, white light source and 5.0 megapixel Sony DSC-V1 digital camera attached to a 

microscope head.  The microscope head and camera lens allowed for a maximum total visual 

magnification up to 60×.  The white latex suspensions studied had high contrast with the dark 

background.  Side view photographs were taken at 30 second intervals.  Imagej 1.36b 

software was used to measure the cross-sectional area A, drop height h, contact radius a, and 

contact angle θ at each time interval from the digital images (Fig. 4.2).  A BX61 optical 

microscope (Olympus, Melville, NY) equipped with a PDR-M81 digital camera (Toshiba, 

New York, NY) was used for acquiring top view images of drying droplets.  The Field-

emission SEM micrographs were acquired with a JEOL, F6400 FESEM at 5 kV accelerating 

voltage.   

Optical density experiments were performed on sessile droplets of the colloidal 

suspension.  The experiments were based on measuring the transmission efficiency of light 

passed through the bottom of the drop at periodic time intervals to characterize the process of 

particle stratification during drying.  A 4 µL droplet of 0.5 vol % microsphere suspension and 

the transparent polystyrene substrate were used for the experiments.   The BX61 microscope 

and PDR-M81 digital camera were use to measure the grayscale intensity from the top down 

micrographs.  The condenser lens was removed from the microscope in order to pass a 
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parallel beam of white light through the bottom of the drying drop.  The grayscale value was 

measured as a function of radial position on a line ten pixels wide passing through the center 

of the drop.  The transmission efficiency of the light attenuated by the particle suspension 

was calculated as a function of radial position by normalizing the spatially varying grayscale 

value with the value measured outside the drop.  An extinction coefficient, ε = 149 cm-1, was 

experimentally measured for a water suspension of 600 nm PS microspheres using a V550 

UV-Vis spectrophotometer (Jasco, Japan). 

 

4.2.4. Atomic Force Microscope Cantilever Mounting 

Silicon nitride AFM cantilevers (Veeco Metrology, Santa Barbara, CA) were used. The 

hemispheres were mounted on probes with spring constants ranging between 0.1-0.5 N/m. 

The example shown in Figure 4.18 is a rectangular cantilever but hemispherical assemblies 

have been mounted on both rectangular and V-shaped cantilevers. 

 

4.3. Kinetic Equations for Drying of Sessile Droplets under Diffusion Control 

The importance of the sedimentation rate as a function of the microsphere radius, rp, was 

determined by gauging the relative magnitude of the thermodynamic versus gravitational 

forces using the Peclet number, Pe for sedimentation (Eqn. 4.1).[31]  

                                                   
Tk

hgr
Pe p

3
32 3 ρπ ∆

=                                                        (4.1) 

Here ∆ρ = (1055 – 998) kg m-3 is the density difference between water medium and latex 

microsphere, g the gravitational acceleration, k the Boltzmann's constant, and T the 

temperature.  For 600 nm PS spheres, Pe ~ 102, and there should be little settling during the 

one hour experiments.  Using small volumes of suspension also allowed us to simplify data 

analysis by assuming that the meniscus shape conformed to a spherical cap geometry.  

Rigorously, the templating meniscus shape is determined by a balance between the surface 

tension force and the gravitational force exerted on the drop.  The ratio of these forces is 

expressed by the dimensionless Bond number, where ρ is the density of water, R the droplet 

radius of curvature and γ the surface tension of water (Eqn. 4.2).   

                                                         
γ

ρ 2RgBo =                                                             (4.2) 
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For the droplet volumes studied here Bo ~ 10-1.  The shape of droplets with Bo of this 

magnitude can typically be approximated as a spherical cap (Fig. 4.2).  

The spherical geometry is practically significant since the position of the air-liquid 

boundary is specified by only two of the variables measured.  The accuracy of the 

approximation was tested by calculating a circularity value, C, for the droplets (Eqn. 4.3).   

                                                          
calculated

measured

A
AC =                                                            (4.3) 

This is done by taking the ratio of cross-sectional area measured from the digital images to 

the cross-sectional area for a spherical cap calculated from the measured contact radius and 

droplet height (Eqn. 4.4)[32]  

                                                 
4
1

3
4 3

 
a
hahAsegment +≈                                                      (4.4) 

 

A value of C = 1 corresponds to a perfectly spherical cap, and the value decreases 

commensurate with increased flattening of the droplet.  The 4 µL droplets studied in our 

experiments have a C = 0.99.  Based on the spherical cap geometry the droplet volume, V, is 

easily calculated from only two of the experimentally measured dimensions using Equation 

4.5  
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The change in droplet size as a function of evaporation was calculated as follows. For 

diffusion controlled evaporation on surfaces with intermediate to high contact angles, a 

macroscopic material balance (Eqn. 4.6),   

                                                         
dt
dV

S
Ne

1ρ−=                                                          (4.6) 

 

and the assumption that the vapour concentration distribution satisfies the Laplace equation 

(Eqn 4.7)  

                                               0                  2 =
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gives good fit between theory and experiment.[20,33-42]  Based on the simple model, the 

dynamic change in volume is related to the diffusivity of water vapour in air, D, and the 

difference between water vapour concentration at the surface, Cs, and of the ambient air in 

the room, C∞ (Eqn. 4.8)      

                            

                                                    )(4
∞−−= CCRπD

dt
dV

sρ
                                              (4.8) 

 

Extending this procedure to sessile droplets requires a geometrical factor, f(θ ) which 

accounts for the reduced volume available for evaporation due to the substrate.  An analytical 

solution for f(θ ) was derived by Picknet et al.[20] and a good approximation was proposed 

by Bourges-Monnier et al.[37,43,44]  We get the following relationship after combining 

Eqn.’s 4.5 and 4.8 and rearranging terms 
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Based on Equation 4.9 it can be shown that the drying behaviour is quite different 

between the constant contact angle and constant contact area drying modes.  Since f(θ ) is 

constant at fixed contact angle, the analytical solution for V(t) shows a linear V2/3 – t decay.  

On the other hand, when the contact area is fixed, f(θ ) diminishes concomitant with 

decreasing contact angle, and no simple analytical solution exists.  However, for intermediate 

contact angles, the air-liquid surface area changes little for droplets drying in this regime.  As 

a consequence dV/dt has a weak time dependence, and is fairly uniform over the droplet 

lifetime.[20,36] The diffusion-limited drying dynamics are used as a basis for comparison 

with the experimental results and data interpretation.  We now present the results of the 

detailed analysis of the evolution of micropatch formation with the goal of identifying the 

major parameters that allow for control of the process and adjustment of micropatch shape, 

structure and size.   
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Figure 4.3.  (a) Typical optical images of dried micropatches showing the effect on micropatch shape 
of varied particle concentration and substrate contact angle.  Scale bars from top to bottom - 0.5, 0.5, 
1.3, 2.0 mm (b) Categorized micropatch shape as a function of θr and φi determined from top and side 
view optical micrographs.  The drawn cross-sectional profiles show how patch architecture varies 
with volume fraction and contact angle.  The open circles (○) are experimental data points 
corresponding to patches with convex shape and the crosses (×) to patches with concave shape.  The 
darker shaded area on the bottom marks constant contact area drying dynamics.  The line to guide the 
eye shows the predicted edge transition corresponding to the most uniform and flat micropatches.     

 

4.4. Results and Discussion 

4.4.1. Effect of Particle Concentration and Substrate Contact Angle on Micropatch Shape   

Two general architectures of dry micropatch shape have been observed in the 

experiments.  To distinguish between the two in the text, the micropatches with a round, 

spherical cap shape are denoted 'convex' and those with a dimpled, ring shape are denoted 

'concave.'  Our simple experimental setup and choice of substrates spanning a broad range of 

receding contact angles make it possible to develop a general picture of the effect of 

technologically relevant parameters on the process of assembly and final micropatch shape.   

The side view and top view microscopy images were used to construct an operational 

phase diagram which shows the overall shape of the micropatch as a function of θr and initial 

volume fraction, φi (Fig. 4.3).  Based on such images it is apparent that regardless of θr, 

lowering φi resulted in the deposition of more particles in the vicinity of the contact line.  

This process could lead to formation of the flat micropatch or formation of the dimpled, 

concave structure.  The degree of flattening and formation of concave structures was more 
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pronounced on substrates with lower contact angles.  The unique φi values for formation of 

the flat shape are between the φi values giving rise to the convex and concave cases.  The line 

drawn in Figure 4.3 delineates this transition.  Thus, this chart allows for a priori 

determination of patch architecture, and can be used to pinpoint the best conditions for 

producing flat, uniformly shaped micropatches. 

 

Figure 4.4.  Circularity values calculated from side view optical micrographs like those from Figure 
4.3a used to quantify how final shape is correlated to the experimental variables.   

 

 

Figure 4.5. Drying droplet profile determined from side profile digital images taken at ten minute 
intervals.  The parameters for each case are as follows: a) 4 µL drop containing 7.0 vol % 
microspheres, and deposited on a hydrophilic substrate with 47° contact angle, b) 4 µL drop, 16 vol 
%, θr = 101°, c) 4 µL drop, 0.25 vol % microspheres, θr = 101°.  The innermost profile corresponds to 
the final micropatch shape.  Experiments conducted at 40 % RH and 22° C.   
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The extent of micropatch flattening was quantified by calculating the circularity value, C, 

using equation 4.3.  The average C values from at least 10 dry micropatches at each 

concentration and for each substrate with θ ≥47° are plotted in Figure 4.4.[45]  These plots 

show two distinct trends relating C and θr.  On the hydrophilic substrates with θr  = 47°, C 

steadily decreased across the entire range of φi.  With the exception of the highly 

concentrated droplets, the dry micropatches were in the form of a ring, with particles 

concentrated at the periphery.  The radius of the patch increased inversely proportional to θr.  

The height and width of the rim around the ring increased with φi.  The drying dynamics 

were monitored by extracting edge profiles from the side view digital images.  An example 

typical of droplets deposited on the hydrophilic substrates is shown in Figure 4.5a.  From the 

edge profiles we found that the contact line was pinned throughout the duration of the 

experiment.  Such was the case for the entire range of φi studied.   

The behaviour was quite different on hydrophobic substrates with θ ≥ 80°.  The shape of 

the patch and corresponding C value changed very little at medium to high φi.  Micropatches 

fabricated on the most hydrophobic substrate studied with θr = 101° had a C ~ 0.97 for φi ~ 6 

to 20 vol %.  Below 6 vol % the patch flattened with a corresponding decrease in C.  The 

behaviour was nearly the same on the moderately hydrophobic substrate with θr = 81°.  Here, 

the micropatches had a C ~ 0.95 for φi ~ 8 to 20 vol %, with the flattening occurring below 8 

vol % particles.  Two edge profiles showing the extreme cases for the most dilute and most 

concentrated suspensions studied are plotted in Figures 4.5b and 4.5c.  Even though the 

contact line receded in both cases, the micropatch with φi = 0.25 flattened, and ultimately 

developed the concave profile during the last 10 minutes of drying.  The micropatch with φi = 

16.1 maintained a convex shape until dry.   

The relationship between contact line pinning and formation of the concave, ring 

structures like those observed on substrates with θr ≤47° is well-documented.[19]  It has been 

established that contact line pinning is a requisite condition for flow-driven particle advection 

towards the three-phase contact line.  In contrast, it is less clear why φi has such a 

pronounced influence on micropatch shape on the hydrophobic substrates where the contact 

line receded during most of the drying process.  To answer this question, our next goal was to 
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characterize in greater detail the contact line dynamics for droplets drying on poorly wetted 

substrates. 

Figure 4.6. Drying dynamics on a, b) hydrophobic surface with θr  =  101°, and c, d) moderately 
hydrophobic surface with θr  =  80°.  The measurements were taken from edge profiles like those 
shown in Figure 4.5.  

 

Relationship between contact line dynamics and micropatch shape on hydrophobic 

substrates.  We measured the changing contact radius and contact angle for low, intermediate 

and high values of φi.  All the plots in Figure 4.6 show three distinct stages during drying.  In 

the first stage, which occurred during the first few minutes, the contact line was pinned as the 

contact angle concurrently decreased.  Such type of behaviour has previously been 

recognized as hysteresis-driven switching from an advancing to a receding contact 

angle.[25,46-48]  The second stage of drying commenced once the receding contact angle 

was reached.  Here, the line de-pinned, and contact area decreased with constant contact 

angle.  We observed linear time dependence in contact area and V2/3 during constant contact 

angle drying as predicted by Equation 4.9.  The coefficient of determination values were 
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greater than 0.998.  Since the evaporation rate is sensitive to the relative humidity, the slopes 

of the plots varied slightly giving rise to a variation of ca. 5 %.  Finally, during the last 

minutes of drying a third stage commenced.  This stage was marked by a re-pinning of the 

contact line followed by a slight decrease in θ by up to 10°. Table 4.2 shows the detailed 

results from the drying dynamics experiments on hydrophobic substrates.  Up until the third 

stage, the drying droplets had a value of C ~ 0.99.  Upon re-pinning of the line the different 

micropatch shapes categorized in the phase diagram began to take form. 

Table 4.2. Summary of results for the drying dynamics experiments conducted on hydrophobic 
substrates.   

a These values correspond to the slopes of the plots in Figure 4.6a & 4.6b measured from the constant 
contact angle stage drying. 
 

 

Figure 4.7. Close up of drying dynamics on hydrophobic substrates with a) θ = 101° and b) θ = 81° 
during the final stages of evaporation.  The grey lines indicate the point of contact line pinning.     

 

φi, vol % θa, deg θr, deg Slopea, 
mm2 s-1    

τpin, min τdry, min φpin, vol % 

16.1 103 100 -0.07792 25 26 63.2 

8.1 103 101 -0.08446 32 34 60.9 

0.25 104 101 -0.08095 45 46.5 20.1 

15.5 85 80 -0.11509 30 32 62.6 

10.1 85 79 -0.10367 33.5 36.5 60 

5.04 84 81 -0.11074 40 42 48.2 
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The close examination of drying data from Figure 4.6a, b, as shown in Figure 4.7, revealed 

that the ratio of pinning time to total drying time, τpin/τdry, had only slight correlation to φi.  

The average value of τpin/τdry ranged from ~ 0.96 on the most hydrophobic substrate with θr = 

101° to ~ 0.94 for θr = 80° (Fig. 4.8).    

Figure 4.8. The ratio of time of contact line pinning to total drying time as a function φi and θr.  
Numerical values determined from Figure 4.7. 

 

The lack of correlation between φi and τpin/τdry appeared counterintuitive as it seemed 

reasonable that earlier contact line pinning would promote formation of the most concave 

patches.  After all, τpin/τdry = 0 on the substrates with θ ≤ 47°, and the resulting micropatch 

structures were almost exclusively concave and ring shaped.  Upon further examination, 

however, we found that the particle concentration at the time of pinning, φpin, was more 

closely correlated to the final micropatch shape.  The details of the analysis leading to that 

conclusion are presented next. 

The particle volume fraction, φ(t)= φi Vi /V(t), was calculated from Eqn. 4.5 using the 

experimentally measured droplet dimensions.  An expression for φ(t), shown in Equation 

4.10,  
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was obtained after integrating Eqn. 4.9.  The numerical values of α and β and the physical 

parameters driving evaporation are given in Table 4.3.  We show in Fig. 4.9 that the 

analytical data obtained from Eqn. 4.10 matched the experimental results well.  Based on this 

good fit, Equation 4.10 was also used to interpolate between available data points for plotting 

the trends across the entire parameter space. 

 

Table 4.3. Physical parameters used to calculate the theoretical curves in Figure 4.9. 

θr, degrees T, °C Pa
sat’d, kPa RH, % Db, cm2s-1 α β 

101 22 2.67 40 0.25 -0.054 2.52 
a From steam tables, and b low density gas diffusion theory [61]  

 

 

Figure 4.9. Experimentally measured dynamic change in particle concentration, and the interpolated 
theoretical predictions for φi = 5, 4, 3, 2 and 1 vol %.  Interpolations calculated using Equation 4.10 
with the physical parameters from Table 4.3. 

 

The results plotted in Figure 4.9 provide the basis for explaining why φi has such a 

profound influence on micropatch shape on hydrophobic substrates.  The dashed curves in 

the figure correspond to particle volume fraction at pinning for a range of pinning times.  On 

the most hydrophobic substrate studied, τpin/τdry ~ 0.96.  In this case, it can be seen that φpin 

was near the maximum measured particle concentration of ~ 68 vol % when φi = 8.0 to 16.1 
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vol %.  Hence, at medium to high values of φi, most of the available droplet volume was 

occupied by particles when the contact line re-pinned.  Since there was little volume 

remaining for particle rearrangement, the convex shape of the meniscus was maintained until 

the droplet dried.  The theoretical plots corresponding to φi = 1 to 5 vol % were used to assess 

how φpin varied at low to medium particle concentrations.  Provided that τpin/τdry is not a 

function of φi, below φi = 8.0 vol %, the φpin values precipitously decreased.  For the lowest 

concentration measured, φi = 0.25 vol %, φpin ~ 22 vol %.  Here, the low value of φpin 

contributed to a flattening of the meniscus as excess solvent was available for particle 

transport to the periphery.  Based on this series of results it is expected that use of substrates 

which promote a decrease in τpin/τdry to 0.70 or 0.50 would cause further concentration of 

particles at the periphery due to a reduction in φpin.   

An interesting feature of the plot in Figure 4.9 is the close parallel between the trend in 

φpin values and the trend in C values for τpin/τdry = 0.96 and 0.94.  This series of results is 

practically significant because it provides a framework for controlling the process of sessile 

droplet assembly on hydrophobic substrates when the contact line recedes during part of the 

drying process.  If contact line pinning could be controlled, then conceivably φi could be 

“dialed in” for tuning micropatch shape on substrates with a range of contact angles.   

 

4.4.3. Shell Formation 

The mechanism of contact line pinning at the late stages of evaporation is not yet clear 

for the colloidal suspension studied here.  Researchers have suggested that self-pinning can 

occur due to formation of a shell of concentrated particles at the meniscus, based on 

experiments performed with polymer solutions[49,50] and colloidal suspensions[51-53] with 

a gelation point.  During drying, the shrinking meniscus can collect and concentrate the non-

volatile component at the air-water interface faster than diffusive or internal circulation-

driven mass transport re-homogenizes the drop.  The system of PS microspheres studied here 

is different than previous example studied in that it does not have a true gel point, and hence 

the stresses that build up in the shell are likely much weaker.  This difference may account 

for the observation of pinning at the very latest stages of drying when the shell would be 

thickest. 
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To test for the presence of a particle shell adjacent to the droplet surface in our system, 

we measured the attenuation of collimated white light passed through the bottom of drying 

drops.  We then calculated the theoretical transmission efficiency by assuming exponential 

decay of the light source as a function of path length (Eqn. 4.11)   

                                                  ))]()((exp[ tltlT iss φφε +−=                                           (4.11) 

We assumed a shell concentration, φs = 0.6 and the bulk concentration equal to the initial 

concentration, φi.  The experimentally measured contact radius was used to calculate the shell 

thickness from a material balance reported elsewhere.[52]  Based on the spherical cap 

approximation, the shell thickness was related to the shell path length, ls and the bulk path 

length, l through a simple trigonometric relationship.  The results are plotted in Figure 4.10.  

The similarity in form and fairly good quantitative agreement between the experimental 

results and the calculated profile thus indicates the process of shell formation during drying.  

Figure 4.10. The a) experimental and d) theoretical transmittance plots used to identify the formation 
of a thin shell at the air-water interface during drying.  The experiment was performed with φi = 0.5 
vol % and using the transparent polystyrene substrate with θr = 80° 

 

 
4.4.4. Effect of Electrolyte on the Process of Meniscus Templating 

Since adding electrolyte decreases electrostatic repulsion between charged surfaces, we 

systematically varied the ionic strength of the sessile droplet suspension to investigate 

whether contact line pinning could be accelerated by promoting particle-substrate adhesion.  

The goal was to correlate the particle-substrate adhesion to the drying dynamics and 

corresponding micropatch shape.  In the range of KCl concentrations studied, the surface 
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tension and evaporation rate have negligible deviation from that of deionized water.  As a 

control φi and θr were kept constant.   

Based on optical micrographs like those shown in Figure 4.11, two series of observations 

can be made regarding the effect of added KCl on micropatch structure and assembly.  The 

first series of observations are based on images of droplets washed away after 5 minutes.  

From such images, we observed a direct qualitative correlation between the extent of 

particle-substrate adhesion and amount of added KCl.  The second series of observations are 

based on the images of the final micropatch.  From such images it was observed that addition 

of electrolyte resulted in micropatches that were of larger diameter with flattened or slightly 

concaves structure.  The drying dynamics can now be categorized into three distinct regimes 

demarcated by a critical pinning concentration (CPC) of electrolyte and the critical 

coagulation concentration (CCC) of electrolyte.   

 

Figure 4.11.  Dried micropatches assembled from suspensions of 7 wt % PS microspheres on a 
substrate with θr = 80° at 22° C and 50 % relative humidity.  The amount of added KCL was 0.02, 
0.17, 17.0, 67.0, 134, 168 mM (from top to bottom).  The schematic shows the proposed mechanism 
of assembly corresponding to electrolyte concentration: a) below the critical pinning concentration 
(CPC), b) in between the CPC and the critical coagulation concentration (CCC) and c) above the 
CCC.  Scale bar = 0.6 mm 
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The first regime, illustrated in Figure 4.11a, occurred when less than 17.0 mM of KCl 

was added.  In this case, the drying behavior was typical of that observed on hydrophobic 

substrates.  Since the KCL concentration increased during drying, we hypothesized that the 

electrolyte concentration reached a CPC at some intermediate time.  When the KCl 

concentration reached the CPC the particles adhered to the substrate in sufficient amounts to 

cause contact line pinning.  A value for the CPC was estimated by correlating the KCL 

concentration during drying to the time of contact line pinning as plotted in Figure 4.12.  

Based on the volume change of the droplet, we calculated the average KCl concentration in 

the droplet at periodic intervals.  By correlating τpin to the change in KCl concentration, we 

identified a narrow range for the CPC between 4.6 and 5.8 mM. 

 

Figure 4.12. a) Dynamic change in contact area, related to the b) average KCl concentration n the 
shrinking drop.  The point of contact line pinning is demarcated by the break in the contact area plots.  
The vertical lines highlight this break to demarcate the KCl concentration at τpin for identification of 
the critical pinning concentration.  
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The second regime, shown in Figure 4.11b, occurred when the initial KCL concentration 

was greater than the CPC.  In this case, the contact line was pinned throughout the duration 

of the experiment.  If the initial KCl concentration was between 76 and 168 mM the particles 

coagulated and formed shell at the at the air-water interface and formed a rigid shell.  

Ultimately the shell crumpled as the meniscus continued to shrink.  We hypothesized that the 

shell formed because the CCC was reached before most of the solvent had evaporated.  

Evaporation could also increase the local electrolyte concentration near the meniscus.  The 

local increase in KCl concentration could promote particle coagulation in the thin shell 

earlier than coagulation in the bulk.   

The third regime, shown in Figure 4.11c, occurred when the initial KCL concentration 

was near the CCC.  Studies of similar microspheres suggest that the CCC is on order of 200 

mM.[54]  In our experiments adding 168 mM KCl caused the PS microspheres to aggregate 

and sediment out of solution within the time frame of the one hour experiment.  As the 

droplet continued to dry, the “sand pile” structure shown in the optical micrograph was 

produced.   

The identification of a critical electrolyte concentration (Fig. 4.12) along with the 

observation of particles adhered to the substrate seemed to suggest that the transition is 

initiated by reduced electrostatic repulsion between the particles and substrate.  We 

attempted to clarify the origin of the CPC by the balance of attractive van der Walls and 

repulsive electrostatic potential between a charged sphere and a plate.  The following result, 

based on DLVO theory, was derived from the linearized Poisson-Boltzmann equation and the 

Derjaguin approximation.[55]   
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In Equation 4.12 the subscripts s an p refer to sphere and plate, κ is the inverse Debye 

screening length, AH = 1.4×10-20 J the Hamaker constant based on Lifshitz theory,[56] rp = 

300 nm, d the distance between surfaces, Γ= tanh(eψ/4kbT), ε the dielectric constant, e the 

electron charge and ψ the appropriate surface potential for sphere or plate.  Based on the 

surface charge density reported for the particles and electrophoretic mobility experiments, ψs 

is in the range of 80 - 100 mV, and ψp in the range of 20 - 50 mV.[57]  By applying the 
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criteria for colloidal stability, 0== dDdWW , to Equation 4.12 we estimated a critical KCl 

concentration of ~ 80 mM for particle-substrate coagulation.   

The calculated critical value of 80 mM is an order of magnitude higher than the measure 

value from Figure 4.12.  The reason for the discrepancy is unclear.  Two possible reasons 

could be the presence of hydrophobic interactions and evaporation-driven electrolyte 

concentration near the contact line.  As has already been pointed out, evaporation can 

concentrate non-volatile components at the meniscus if the meniscus recedes faster than the 

diffusive mass transport redistributes the non-volatile species throughout the bulk.  

Furthermore, modeling of the spatially varying evaporation rate along the meniscus by 

Deegan et al.[22] has shown that the evaporation rate is highest near the three-phase contact 

line.  The enhanced evaporation combined with a receding meniscus could increase the local 

electrolyte concentration.  The average value measured from our analysis (Fig. 4.12) may 

therefore undervalue the best concentration for comparison with the value obtained by 

applying the criteria for colloidal stability with Equation 4.12.  A number of studies based on 

Atomic Force Microscopy (AFM) and flow cell detachment experiments with similar 

materials also suggest that long range hydrophobic interactions can be major contribution to 

the attractive interaction potential between particles and flat surfaces.[58,59]  Similar studies 

have also shown that the work of adhesion required to separate hydrophobic surfaces 

increases with electrolyte concentration.[60] At this point it is difficult to draw definitive 

conclusion on the exact mechanism for particle-substrate adhesion.  Nevertheless the 

correlation drawn between electrolyte concentration and contact line pinning may be useful 

in variety of technologies where added electrolyte is unavoidable or could be used as an 

additional operational parameter for controlling shape.  One important area is DNA 

microarray technology where the buffered biological samples notoriously form ring stains 

which complicate data acquisition.   

 

4.5. Potential Applications 

4.5.1.  'Inverse Opal' Gold Nanoparticles Micropatches: SERS Substrates 

In the previous subsections we demonstrated how we can control the shape of the 

micropatches made from PS microspheres.  The experimental procedure is simple as no 

complex equipment is required.  The understanding gained from the cycle of experiments 
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allowed for fabrication of round-flat patches with uniform structure.  Such micropatches of 

controlled shape and structure could have important applications in technology.  One 

possible application is in the area of SERS-based sensing.  In our earlier work we 

demonstrated how we can use the PS microspheres as a template for directing the assembly 

of gold nanoparticles into structured porous films and stripes of size from millimeters to 

centimeters.[62,63]  The gold particles aggregated around the colloidal crystal film that 

formed as the solvent evaporated.  The films were stable and efficient substrates for SERS-

based detection of cyanide in a water flux.  Further miniaturization of the SERS materials 

could prove beneficial for sampling in microfluidic chambers, which can have volumes as 

small as a few picoliters, and also for making arrays of patches analogous to the presently 

used parallel bioassays, but with improved function and sensitivity.   

The technique for micropatch fabrication was adapted for making porous gold 

nanoparticle micropatches.  The assembly was carried out by depositing a mixture of ~ 15 

nm gold nanoparticles and PS microspheres.  Both particle types have a negative surface 

charge, and are stable when mixed.  We observed the same general effects of φi and θ on 

micropatch shape and circularity as seen for deposition with PS spheres only.  The only 

deviation with gold nanoparticles added was a slight reduction in τpin/τdry.  Such similarity in 

drying behavior allowed for controlling micropatch shape with only minor modifications to 

the deposition conditions categorized in Figure 4.4.     

Examples of flat, uniformly shaped micropatches are shown in Figure 4.13.  The lattice 

spacing of particles in the 3D micropatches fabricated here are on the order of visible light.  

The light that illuminated the substrate scattered from neighboring particles and the 

interference produced colors due to Bragg diffraction  

                                                                 sdnm θλ sin2=                                            (4.13) 

where m is the diffraction order, λ is the diffracted wavelength in vacuum, n the refractive 

index of the system, d is the spacing between the diffracting planes and θs is the scattering 

angle.  The colors of the micropatches in Figure 4.13 were dependent on the templating 

sphere diameter which effectively varied d in Equation 4.13.  The diffraction color also shifts 

across the spectrum as the scattering angle or observation angle changes.  

Observation of the microstructure using SEM revealed that the micropatches were 

polycrystalline with grain boundaries separating domains of crystallized particles with 
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triangular close-packed symmetry.  The rainbow of colors shown in Figure 4.13c arise 

because the polycrystalline scattering planes are aligned in multiple directions along these 

grain boundaries.  Such random alignment means that each crystalline region has a slightly 

different θs relative to the incident light source.  The micropatches fabricated from the 250 

and 300 nm PS microspheres (Figs. 4.13a, b) appeared more uniform in color even though 

there was still polycrystallinity.  The uniform color probably arises because d is smaller than 

the visible wavelengths such that the most intensely scattered colors are on the violet end of 

the spectrum.  The opalescent colors of the micropatches fabricated exclusively with PS 

microspheres (Fig. 4.1b) were less brilliant than with gold nanoparticles added (Fig. 4.13).  

This effect is most likely due to the higher reflectivity of the gold nanoparticles which have a 

higher refractive index contrast than PS microspheres alone.    

   

Figure 4.13.  Optical micrographs of micropatches made from a mixture of gold nanoparticles and a) 
250 nm, b) 300 nm, and c) 600 nm PS microspheres.  Experimental conditions were: 2:1 ratio of 5 wt 
% Au and 16 vol % PS, θr = 81°. The scale bars corresponds to 0.3 mm. 

 

We also found that the concentration of gold nanoparticles in the droplet affected the 

overall quality of the crystal structure.  With too high gold concentration, the micropatch 

cracked towards the end of drying.  A 2:1 volume ratio of 5 wt % gold nanoparticles to 16 

vol % PS particle suspension was found suitable for making uniform patches with no 

cracking as shown in Figure 4.13.  The corresponding volume fraction of gold nanoparticles 

and PS microspheres in the mixture equalled 0.17 % and 5.3 % respectively.  Since this 

concentration of gold nanoparticles was not sufficient to entirely fill the interstitial space 
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between the crystallized PS microspheres, we were interested in how the particles might 

distribute throughout the dried patch.  Evidence for stratification of the mixture during drying  

 

 

Figure 4.14. Typical microstructure when using a mixture of gold nanoparticles and PS 
microspheres.  The a) optical and corresponding b) SEM micrograph of the lens structure shows the 
inner curvature and arrangement of gold nanoparticle aggregated around PS microspheres.  c, d) SEM 
micrographs of the lens in a, b) after heating in air to remove the PS microspheres.  e) Optical and 
corresponding f) SEM micrograph of a templated micropatch after removing the PS component by 
washing with methylene chloride.  The scale bars for a – f correspond to 10 µm, 1 µm, 10 µm, 1 µm, 
0.4 mm and 1 µm. 

 

is shown in Figure 4.14e.  Here the dried patch was submerged in methylene chloride for 10 

mins to dissolve the PS component.  After rinsing with the organic solvent a top layer of gold 

nanoparticles slide over and rested on an underlying layer of gold nanoparticles adhered to 

the substrate.  Visual examination with SEM (Fig. 4.14f) showed the top layer had the 

ordered honeycomb structure expected for template-directed assembly within the PS 

colloidal crystal.  Our working hypothesis is that during shell formation both components 

collect at the interface where the smaller gold particles infiltrate the colloidal crystal and 

aggregate irreversible as the free volume decreases.  Since the van der Waals attraction can 
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be quite strong with the metal particles an appreciable amount of gold nanoparticles adhere to 

the substrate.  This could also be contributing to the earlier contact line pinning and the 

observed decrease in τpin/τdry when gold nanoparticles are added. 

We have also demonstrated that the principles of assembly in sessile droplets apply over 

a broad range of droplet volumes from 0.1 nL to 4 µL, thereby allowing for scaling down the 

process, and fabrication of micropatches with diameter ranging from microns to millimeters.  

Previously Kuncicky et al.[6] showed that the patches comprised of PS microspheres are 

robust and stable.  The round micropatches with spherical cap shape could be peeled from the 

substrate and submersed in water without disrupting the structure.  The porosity of the dry 

patch could be controllably reduced by heating to near the glass transition temperature of the 

PS microspheres. One particularly interesting result was observed for a Au/PS mixtures 

deposited from nanoliter volumes of suspension.   These small diameter micropatches had a 

characteristic lens type structure.  Figure 4.14a shows an example that was peeled from the 

substrate to revel the inner curvature.   The lens-like structure was not observed for similar 

sized patches deposited without the gold nanoparticles or for Au/PS patches with diameter 

greater than ~ 100 µm.  SEM observation of the lens in Figure 4.14a showed that the metallic 

nanoparticles aggregated within the interstitial space surrounding the PS microspheres (Fig. 

4.14b).  The templating PS spheres could be removed by heating in air at 450° C for 5 mins, 

however, SEM micrographs revealed that the porous lens structure flattened after heating 

(Fig. 4.14c, d).    

 

4.5.2. Permeable Microindenters for Biomechanical Characterization 

Miniature colloidal crystals of controlled hemispherical geometry with diameter of 10 – 

100 µm have been fabricated by applying the principles of assembly developed in the 

previous sections.  These materials are of technological interest because when mounted on 

Atomic Force Microscope (AFM) cantilevers they can act as porous and permeable 

microindenters with a flat punch end for biomechanical characterization and hydraulic 

permeability studies on whole cells and biological surfaces at the microscale.  Such indenters 

should have a relatively smooth contact surface in order to reliably define the compression 

process, and sufficient porosity to allow fluid passage through the pores during a test.  The 

curvature of the assemblies would allow attaching the probe at a desired angle to the 
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cantilever such that the indenting surface of the probe is parallel to the sample surface, and 

normal loading is attained.[60] 

In the previous sections we showed that during drying of microliter droplets of 

suspension on moderately hydrophobic surfaces with contact angle between 80° – 100° the 

dynamic shape of the meniscus can be controlled exclusively by the contact angle and 

particle concentration. This allows for tuning the microparticle assembly architecture and 

dimensions by judicious choice of solid substrate and droplet volume.  The use of 

hydrophobic substrates was a necessary, but not sufficient condition for maintaining the 

desired hemispherical geometry throughout drying.  

Since the final form also depends on the initial latex particle concentration, in order to 

make hemispherical micropatches < 100 µm in diameter we devised a technique for 

delivering small volumes of concentrated particle suspension to the surface.  The apparatus 

works by spraying a fine mist of the latex suspension onto a substrate (Figure 4.15).   

Figure 4.15. Schematics of the set-up and the principle of assembly.  (a) Photograph of the spray 
particle assembly apparatus, and (b) mechanism of particle templating in a drying sessile droplet. 

 

The suspension was aerosolized by rapidly expelling it though a 5 µL syringe.  The high 

spraying rate prevented all but the smallest drops from drying before impacting with the solid 

support.  In a typical experiment, the dried patches had a size distribution of diameters 

ranging from ca. 10 – 100 µm.  The dried particle aggregates were stable and could be 
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submerged in deionized water without disrupting their structure. The assemblies were also 

found to be stable under loads in the range of 10 - 100 nN from AFM based indentation tests. 

The high structural stability probably is a result of the maximized number of contacts 

between the microspheres in the 3D crystal array. To further increase the mechanical strength 

by enhanced particle-particle bonding, the assemblies were lightly sintered at 110˚ C (Tg ≈ 

100 ˚ C) for 2-5 minutes (Figure 4.16).  In aggregates sintered for > ~5 minutes (Figure 

4.16b), the particles were found to coalesce thereby substantially reducing the porosity. 

Hence, a  

Figure 4.16. SEM micrographs showing the microstructure of hemispherical assemblies comprised of 
910 nm microspheres – (a) as deposited, and (b) sintered for 5 min at 110˚C. Note the slight 
deformation of the partially fused particles in (b). 

 

short sintering time of two minutes was found optimal to maintain porosity while enhancing 

mechanical strength.  The sintered assemblies were then carefully attached to cantilevers 

using a tiny amount (~10-15 l) of epoxy resin (Figure 4.17).  The technique for attaching 

particles to cantilevers is similar to the one previously developed by Ducker et al. for colloid 

force microscopy.[65] The hemispherical shape ensures that the correct angle (10-12˚) for 

attachment was attained. The mounted particles (Fig. 4.17) were compressed in water on a 

Veeco Bioscope™ AFM by bringing them in contact with glass slides at applied forces 

between 10-100 nN.  The probes were found to be stable in water and readily withstood the 

applied forces without any apparent disruption of the assemblies. Future work will have to be 

undertaken to address the effect of crystal defects and crystal domain orientations on fluid 

flow through the porous assembly including cross-sectional analysis of the hemispheres to 
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gauge the internal uniformity in structure.  However, this is beyond the scope of the current 

work, which proves the ability to fabricate permeable hemispherical particle assemblies. 

 

Figure 4.17. a) Side, and b) bottom SEM images of a hemispherical assembly attached to a 0.1 N/m 
AFM cantilever, mounted at the desired 10˚ angle.  The sample was sintered for two minutes at 110° 
C.   

 

4.5. Conclusions 

We have studied in detail a particle assembly process directed by the confining effect of a 

templating meniscus.  The major contribution of this work is the categorization of micropatch 

shape in terms of the technologically relevant parameters; contact angle, particle 

concentration, and electrolyte concentration.  The trends outlined should have broad 

applicability for controlling the architecture of particle-assemblies deposited from drying 

sessile droplets of suspension on surfaces of controlled wettability.  Use of hydrophobic 

substrates was shown to be a necessary, but not unique condition for avoiding coffee ring 

formation.  By monitoring the kinetics of drying from side profile imagery we showed that 

droplets of low initial particle concentration were more likely to flatten and deform when 

contact line pinning occurred during the late stages of drying.  This result was interpreted in 

terms of diffusion-limited drying dynamics.  Such analysis showed that droplets of low initial 

particle concentration had only small change in free volume during most of the drying 

process until the last few minutes of drying.  A simple light attenuation experiment provided 

evidence that a thin shell of particles formed at the air-water interface during drying.  The 

shell is known to increase the local viscosity near the interface in other multicomponent 

mixtures, and may be the cause of self-pinning here.  A critical electrolyte concentration was 
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identified which was shown to correlate to contact line pinning and particle substrate 

adhesion.  Based on the understanding developed from this cycle of experiments we 

fabricated gold surface-enhancing Raman scattering substrates in the form of flat, uniformly-

shaped micropatches with diameters ranging from microns to millimetres.  Novel liquid-

permeable compression probes for AFM were designed by attaching the porous hemispheres 

to AFM cantilevers. The structures are stable in water and can readily withstand the level of 

mechanical loading they would endure as probes in AFM nanomechanical tests. 
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5.1. Summary 

This section provides a synopsis of the basic research undertaken, and also highlights the 

engineering accomplishments which have directly stemmed from the research.  The 

understanding and methodology developed throughout this work made it possible to solve 

engineering problems for which other solutions were cost prohibitive or unavailable.   

In the first major stage of the dissertation, a methodology was developed for controlling 

the hierarchical structure of SERS substrates made by colloidal self-assembly.  Convective 

assembly was used to deposit films from chemically unmodified metallic nanoparticles on 

plain nonfunctionalized glass substrates. A procedure was developed for nanoparticle 

concentration by membrane filtration via centrifugation, and an apparatus developed for 

convective assembly at high volume fractions that allows efficient rapid deposition of 

nanocoatings.  The combination of these two techniques allowed controlled and efficient 

assembly of a wide variety of thin structures from as-synthesized gold nanoparticles.  In 

contrast to other fabrication techniques the apparatus for convective assembly requires only 

microliters of suspension and less than an hour of deposition time without the need for any 

complex or costly equipment. 

The template-directed convective assembly technique allows for tuning the porosity on 

two hierarchical length scales.  Microstructured cavities remained after removing the 

sacrificial template, and smaller nanopores are formed in between the gold particles.  The 

type, quality and structure of the template colloidal crystal depended primarily on the 

meniscus withdrawal speed and volume fraction of the colloidal suspensions used in the 

process.  By varying these parameters latex templates were fabricated that were 

polycrystalline with single crystal dimensions in the 5–20 µm range, or randomly packed 

with no apparent long-range crystal order. As a control, gold nanoparticle films were also 

prepared without using latex templating.  

All experimental measurements were performed using a point sampling protocol in a 

microfluidic flow cell.  Such online flow cells could be directly used as a basis for SERS 

sensors for continuous monitoring of water or gas fluxes. A matrix of experiments was 

designed to isolate individual contributions to the Raman enhancement arising from the 

meso- and microstructure.  Multiple data points were collected from randomly chosen spots 

on each SERS substrate inside the microfluidic chamber filled with liquid.  Statistical 
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analysis of the data was performed to determine the sensitivity of the substrates, and 

reproducibility of the fabrication technique.  The porous gold substrates had a limit of 

detection of 150 ppb for sodium cyanide in water based on a five percent probability of false 

alarm.   

The effect of the nanoporosity inherent in the aggregated structure of touching particles 

was also characterized. The nanoporosity was changed by controlled post-deposition fusion 

of the gold nanoparticles at temperatures between 200 and 500 oC.  To reliably characterize 

the effect of the nanoporosity on SERS performance a procedure for making nanoporosity 

gradient substrates by imposing a thermal gradient onto the backside of the SERS support 

was developed.  This technique produced substrates that had fully fused gold nanoparticles 

on one end and unchanged discrete aggregated gold nanoparticles on the other, with a 

variable degree of fusion in the middle.  These data convincingly demonstrated that 

mesoscale surface roughness stemming from the discrete aggregated gold particles is a key 

factor directly related to high SERS performance.   

One of the major reasons SERS is not a widely used technology is the lack of 

standardized substrates that have uniform and reproducible SERS performance on any 

equipment.  Poor reproducibility and hence high false alarm rates can be a fatal flaw for any 

routine diagnostic technique.  These research results demonstrated that the engineered 

templated deposition could produce substrates with consistently high signals, and may be an 

effective route to make SERS-based sensors for practical chemical analysis.   

In the second major stage of the research, a comprehensive and systematic study of 

colloidal assembly directed by the confining effect of a templating meniscus was undertaken.   

A technique was developed that allows making uniformly thick and well-structured colloidal 

crystal micropatches and dots.  The method is based on controlled drying of droplets from 

microsphere suspension on surfaces with controlled contact angle. It is worthwhile to note 

that this is the first systematic study of colloidal crystal formation from drying sessile drops 

covering a range of substrates of different wettability.   

The research showed that droplets of microsphere suspension deposited on partially 

hydrophobic surface do not dry by the common 'coffee ring' mechanism.  Instead, their 

periphery begins shrinking, the particles inside begin crystallizing and the final result is a flat 

or slightly convex patch of crystallized latex microspheres.  The micropatch shapes observed 
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in the experiments were categorized in terms of the technologically relevant parameters.  The 

characterization of the process in detail allowed us to optimize the deposition conditions and 

formulate protocols for deposition of nanostructured patches of different diameter, thickness 

and shape.   

The research on sessile droplet templating might open a route to making miniaturized 

porous structures for a wide range of applications.  One key result from the research was the 

operational phase diagram developed from the categorized results.  Based on this phase 

diagram we were able to develop novel liquid-permeable compression probes of controlled 

size and geometry for AFM biomechanical studies.  The understanding gained also proved 

beneficial for fabricating the hierarchically porous SERS materials in arrays of sub 

millimeter micropatches.  We found that if metallic nanoparticles are added to the droplet, 

latex crystal - gold nanoparticle patches of round flat shape, equivalent in structure to the 

SERS materials precursors are formed.   

 

 

 

 

 

 

 

 

 


