substrate. The substrate cleaning and other treatments are mentioned in specific
chapters. To avoid any scratches and spoiling, substrates handled using soft tweezers
with a great care. The cleaned substrates are always stored in DI water and only
removed just prior to experiment. Also, the substrate are freshly prepared and used
within couple of days to avoid growth of algae or any other contamination.
Particles used
Over a period | have used Silica and Polystyrene particles with a variety of sizes (d).
Raw particles: 1000nm SiO2, 500nm SiOx.
Prepared particles: 1000nm-100nm-80nm Florescent SiO,. Prepared using Stéber!
process, with the addition of Rhodamine B dye. The 1000nm particles are produced
using a core and shell method, which maintains the surface properties. 1000nm
florescent particles have been used to validate some analysis by doing in situ
experiments with a confocal microscopy. 100nm florescent particles have been used
in ALB microstructure improvement. Whereas 80nm SiO; particles were used in
cracking analysis.
Purchased suspension: 1000nm PS, 500nm PS, and 100nm PS.
Suspension preparation
For purchased as well as raw particles, the suspension is made from scratch. The
purchased particles usually contains an excess of stabilizing agent, which affect the
coating. The cleaning of SiO> particle is done by washing three times with ethanol, this
process reduces the polydispersity by removing the smaller particles. This is followed
by 3-5 times water cleaning to make sure all the ethanol has been removed. The cleaning
a done using a high speed centrifuge (Thermo scientific). The speed and time is
calculated from sedimentation velocity. For purchased product the polydispersity is

high, thus only water washing is done to take out excess stabilizer. The suspension is
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diluted to ideal volume fraction and stored in small centrifuge tubes. Fresh suspension
is used for every experiment. Suspension is tip sonicated (Fisher Scientific, sonic

dismembrator) 10s prior to every experiment to maintain the consistency.

Figure B.1 a) humidity controlled box with volume ~ 500Ir. b) Experimental setup
consists of linear motor attached to a stage. Lubricant is spread on a lab jack to provide
smooth motion of substrate. Lab jacks are fixed on table to avoid vibration.

Hydrophobic
surface

Suspension
meniscus

Figure B.2 hydrophobic blade treatment helps confining meniscus in its shape, without
leaking from the bottom.
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APPENDIX C

Crystal transition and flow in thin film

C.1. Summary

Crystal formation mechanism is quite unexplored area in evaporation driven
assembly. Convective deposition is different from traditional dip coating®* or Landau
Levich®> type coating methods. The main difference is in the time scale for evaporation
and thin film equilibrium, which allows better crystallinity. The crystal formation in
the convective deposition is generally an irreversible process. Capillary bonds between
bigger colloidal particles (d >500nm) are much stronger that the flow drag. Thus a tiny
polydispersity in particles results in smaller grain size. External energy in the form of
mechanical vibration has shown some positive improvements® for making the process
dynamic and increasing the grain size. The impact of vibration is sensitive to a
particular range of amplitudes and frequency. However, why vibration works is still a

mystery.
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C.2. Landau-Levich vs convective deposition

Dip coating is a very established method for the coating of thin films of different
solvents, where a thin film is formed by slowly removing the substrate from the bath of
liquid or suspension. Landau-Levich gave the first mathematical relationship for
coating thickness as a function of Ca and Ic. The capillary number (Ca) is the balance
between the viscous drag and surface tension, which is defined as Ca=xU /. Capillary
length on the other hand, is a balance between surface tension and gravity, which is
defined as g= I = (y /pg)Y2. The relationship is valid for small Reynold’s number
flow. The equilibrium height of film is given by Eq. (1)

h. = 0.945 |.Ca?? (1)
Here, ‘. is the equilibrium film thickness, ‘l¢" is the capillary length, and ‘Ca’ is the
capillary number. In the above equation, the static meniscus at the substrate and liquid
interface is a balanced between the surface tension and gravity. On the other hand, the
dynamic meniscus is a balance between the Laplace pressure and viscous forces.
Assuming the lubrication approximation, we can obtain Eq. 1. Deryagin and
Titievskaya® gave the first direct experimental evidence for the utility of the Landau-
Levich equation. The convective deposition shares a similar geometry as that of dip
coating, with the primary difference being that flow is driven in the opposite direction
due to fluid evaporation (Fig. C.1). There is a competition between the thin film
approaching equilibrium and the thin film evaporation. When a substrate velocity is
larger, of the order of mm/s, the liquid film approaches equilibrium faster, which is
followed by a solvent evaporation. Thus particles follow flow steam-lines and get
deposited quite randomly in evaporation step. On the other hand in case of a slower

substrate velocities (1-300 um/s), the evaporation is fast enough to increase local
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particle volume fraction. Particles get deposited before the liquid film approaches
equilibrium. This results in the phase separation and formation of the high-quality
colloidal crystals. Maél Le Berre et. al. gave an experimental validation of this
transition between a mode of coatings. They showed for a particular liquid, the coating
thickness is determined by the evaporation rate for lower substrate velocities and by the
viscous drag (Eq. 1) at a higher substrate velocities. Thus the coating thickness first
decreases (Nagayama Eq.) and then increases (Landau-Levich Eq.) as a function of
substrate velocity®. The transition velocity depends on the evaporation rate. Fig. C.2
shows a difference between the particle structures obtained by a convective deposition
and a dip coating. Fig. C.2 (a-c) is a typical high-order crystal structure obtained by the
convective deposition. Particle assembly is tuned with the evaporation. Fig. C.2 (d-f)
typical settling of particles in the faster Landau-Levich mode of deposition, however
the evaporation process is disconnected from the convection, and assembly occurs from
a flux in the vertical direction.

Typically in a case of evaporation-driven flows, variation in the thin film
thickness allows particles volume fraction gradient. This helps in the formation of high-
order crystal structures. If a substrate velocity is higher, evaporative driven convection
is not enough to tolerate such volume fraction gradient within the thin film. The time
scale for assembly and time scale for flow compete with each other to produce one

particular type of the coating structure.
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Figure C.1 a) the schematic showing dip coating where the substrate is withdrawn from
the bulk, the substrate velocity is of the order of 0.5-10 mm/s b) Experimental setup for
convective deposition, where a meniscus is pulled relative to the substrate to induce
deposition and the local ordering of particles. Relative substrate velocity is on the order

of 1-300 um/s.

Figure C.2 a)-c) conventional high-order crystal structure obtained via evaporation
driven convective assembly. d)-f) less crystal structure in case of Landau-Levich type
deposition, substrate velocities are of the order of mm/s. Scale bar represents 5um in
all figures.
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2.3.  Flow regimes of convective assembly

It is evident from above that convective deposition indeed is different from
Landau-Levich thin film profile. For a better understanding of thin film profile, one can
separate the different flow regimes. This approach has been used previously®°, Fig.C.3
illustrates different flow regions, which could be studied separately. In Regime I,
particles follow streamlines, the small vector represents the streamline direction and
magnitude of the velocity. The streamlines are illustrated from the previous studies®
considering recirculation in bulk meniscus. Regime II, particles get dragged by
convective steering'*? in a case of multilayer depositions and by capillary forces in a
case of monolayer depositions. Volume fraction changes from ¢ to ¢ in a small
distance. Where ¢ is the suspension volume fraction and ¢n is the final volume fraction
of the closed pack structure. For RHCP packing, ¢m ~0.74. Regime I11, a close-packed
structure of particles, the solvent flows through this porous medium and eventually
evaporates (chapters 2).

Some important dimensionless numbers are given in footnotes®.

2 Reynolds Number (Re) = pusd/n. Peclet number (Pe) = duy/D. Stokes number (St) = (ppd/pl)*Re.
Froude Number (Fr) =us/ (gd)°®. Capillary number (Ca) =usp/ v Sedimentation number (Ng) =d?Apg/ pus.
b For 1um particle usual range for these numbers is, Re: (10-°-10%), Pe: (10-100), Ca: (107-109).
Fr: (~109), Ng: (1-10).
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Figure C.3 Flow regimes in the thin film progression via convective assembly. I)
particles follow the streamlines. The suspension behaves as a single phase. 1) Particles
get dragged by convective steering and capillary forces, the volume fraction changes
from ¢ to ¢n. 111) A close-packed structure of particles, which translate with a substrate
velocity. The solvent penetrates through and eventually evaporates.
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C.3.1. Regime |

The flow visualization can be done using lubrication theory (Fig. C.4).

op o%u
x M @

When y(o)=constant, Z—LZJ =0 at (z=h) and u = uat (z=0).

This gives,

2
u:u5+£a—p(z——th 3)

u=u, - F o

In the case of thin film flows gravity is negligible and thus pressure can be expressed
in terms of curvature pressure. p = y(@sh/8x3)+ pgh+T11

Laplace pressure + gravity + I'T (disjoining pressure + osmotic pressure).

The gravity term can be neglected in the dynamic meniscus. As we decrease the
film thickness or particle size, IT term starts contributing significantly. But for the
following studies, Laplace pressure is the only dominant term.

For the dynamic film, we can write the following.

h=-0,(hu) )

Putting values of py in above equation, we get,

h= hx(us)—ﬁ(shzhxhw +h°h,, ) (6)

This type of equation can be solved using the perturbation analysis. Without the

presence of substrate velocity an exact answer can be obtained!® by the change of
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variables, h(x, t)=t*h(7) and n=xt™“. In the following studies, we do not consider the
presence of noise. Most of the following studies have been performed on a weakly
Brownian particles, but as at very low thin film thickness, the noise contribution cannot
be neglected. The spreading of nano-drops is profoundly affected by the presence of
noise'*. Usually, for the particle size less than 200 nm, the thermal fluctuations are quite

dominant. In such a case one needs to use Langevin Equations of motion®.

:ﬁ+@

ut
m m

. Here yis the friction coefficient and £ is the stochastic noise.

The Eqg. (6) becomes highly nonlinear in the presence of surface tension
gradient. Researchers have attempted introducing different ways of surface tension
gradient in above equation®%-18, Like the conductive, concentration, or temperature
induced surface tension gradient. In a case of surface tension gradient, the boundary

conditions are as follows.

At z=h, u(ou/éz)=(0y /o), and at =0, U =u,.

2
U=Us+ipx(z——2h]+lzyx (7
JZ 2 H
— h® h
u:us_B_(px)+_(7x) (8)
H 24

Py =My + 7N
The sign of (Gylax)determines the flow behavior. The positive gradient amplifies the

velocity and agitates the flow. On the other hand, negative gradient counters the
substrate velocity and calms the flow.

The eg. (6) modifies as follows.

. h3h 2 h%h
h=-Viuh- XXX}/_'_h_}/x_ Xxyxj| (9)



In chapter 3, we have considered the case of both positive and negative surface
energy gradient. In Eq. 6 and 9 the flow due to pinning of contact line is not considered,
which indeed the dominant flow in a convective deposition. Thus the streamlines in the
flow ‘regime I’ are different from what one would expect from just Navier Stokes
equation. But this approach helps in predicting the broader picture in a case of
marangoni flow.

Even though we cannot solve equation 9 accurately, we can extract the flow
behavior in an extreme cases of surface energy gradient.

Dimensional analysis

The equilibrium coating thickness defined by the Eq. 6 and 9 is much smaller
(defined by Eq. 1) than the final coating thickness. This flow behavior is terminated
because the thin film profile is governed by a completely different set of equations after
particle phase separation. Thus foe dimensional analysis we will consider coating
thickness ‘H’ (N*d) instead of the equilibrium thickness predicted by Eq. 1.

Let’s define following dimensionless parameters.

h=h =X/ 57/ f-
=D =X = =k
L is the characteristic length scale in accordance with a flattening of the bulk meniscus.

Which could be defined as L~IcCa*®. y, Is the surface tension of pure solvent. Equation

9 becomes.

Lhe |- (H*)h*hy, _ (H2)h%? _ (H*)h, _
- _V|lh- XXy - XX_ 5 10
Tu, { (Bj ca ’ E L JZCa]/X [Ejsc:ay*} 10

H/L << 1. Thus we can neglect the higher order terms of H. The equation then simplifies

to.

188



Lh: =~ (H?)h? _
—L=-V|h+|— . 11
Tu, { (L]ZCayx} 0

This equation is easy to visualize. When the marangoni flow is dominant, the term with
5% contributes more. Positive j leads to flow in the direction of substrate velocity, and
negative % calms the flow. Also, the film thickness increases in the case of negative y,
which increase the recirculation. This has been reported previously*®?°. A common
approach to solving Eq.uation 9 has been replacing y by surfactant concentration 7 or
by marangoni number (Ma)#1°21.22 \We will not explicitly solve Eq. (9), but this helps
visualizing results in chapter 3.
C.3.2. Regime Il

In this regime, the particle volume fraction changes. Evaporation in the thin film
results in a formation of a stable crystal structure. In the convective assembly, these
three regimes attain a pseudo equilibrium state. The point where a stable crystal
structure exhibits, known as the crystal front. In chapter 2, as discussed how a solvent
flows through the crystal structure and eventually evaporates, giving the final desired
product, the dry particle assembly. The presence of stable crystal structure and
evaporation give rise to capillary force and drag force. The particle concentration near
the crystal front is more than that of in the bulk suspension. Thus this region separates

a bulk meniscus and final colloidal crystal. The length scale is defined as/ , . Variation

in concentration causes the osmotic pressure, which counters the force field.

A similar length scale shows up in different problems like the sedimentation®+?4,
drying of drops®>2¢, particle assembly assisted with an electric field?” or a magnetic
field, etc. Our job here is to get an estimate of this length scale as a function of particle
diameter and/or substrate velocity for the case of the convective deposition. Also, to get

the estimate for work done by the flow to maintain that concentration gradient. This
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will help in understanding the mystery behind vibration assisted convective deposition.
For many years researchers have used the vibration as a tool for enhancing the crystal
assembly® or for modifying the orientation of crystal structure?®®,
Model development

Fig. C.5 illustrates the increase in volume fraction in regime Il. On the left,
suspension exhibiting single phase flow profile as discussed in regime I, with the
volume fraction ¢v. And consider an average entering velocity in regime Il be uo. On
the right, particles are part of the stable crystal structure with the volume fraction
#~0.74, and particle velocity is equivalent to the substrate velocity us. U(x), u(x) are
the average particle and solvent velocities in the thin film. We can adopt 1-D colloidal
transport model.

In steady state

6(¢U) =0 (12)
OX

From the boundary condition at the crystal front, ¢*U = ¢y*uo = constant.

The particle velocity is balanced by an external force field and osmotic pressure.

U =u+;(—¢)(F—Vﬁ) (13)

e
Here, k(¢) is the mobility, a is the particle radius, F is a force field, « is viscosity, and
u is chemical potential. For colloidal particlesVu ~ V.

Here there are several forces (F) involved.

Drag force F = 672U

Gravitational force F =V Apg, Ve is the particle volume (413 ma3).

Electric force F ~ eg,¢Ea, E is the constant electric field, {'is the zeta potential.
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Capillary force F ~ ya®K,(q) , q is the inverse of capillary length, and K; is modified

Bessel function of the first kind.

Gravitational force shows up in a sedimentation problem?*, while the electric
force in electro-kinetic particle assembly. Ferrar et al. showed a dynamic crystallization
in steady electric field?’, crystal structure exists as long as an electric field is present.
Velev et al. showed an electric field assisted convective deposition could improve the
crystal grain size by oscillating the thin film length?®. In convective deposition
geometry, only drag and capillary forces are important. Several research groups have
attempted to model this regime of convective deposition®°. Born et al.1° used a subtle
approach to approximate the film thickness as a quadratic function, which fixes the
velocity of the particle. One can thus calculate the work done on a particle by drag
force. Also, they correlated the solvent flux due to evaporation with the temperature
and humidity using first order scaling of the Clausius—Clapeyron relation. Using this

they arrived at the work done by the flow on the particle is as follows.
h=a'(T)+b'x+c'x*. ThusU = (a(T) +bx+ cxz)fl.
a(T) comes from Clausius—Clapeyron relation. The work done on particle is,

o) J.U.dX

KT D

- Pe (14)

® is the work done on particles, D is kinematic diffusivity, and Pe is the characteristic

Péclet number. The model predicts for Pe>1.5, one should observe a hexagonal crystal
structure, i.e. If work done (®) is more than the particle’s thermal agitation, particles
will form the closed pack hexagonal crystal. The Pe can be controlled by temperature

(T), which controls the velocity at x=0, a(T). This is given by Clausius-Clapeyron

equation a(T) ~ exp(-k/T). But they have experimentally observed the hexagonal crystal
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structure even for lower values of Pe, which must be a result of the capillary forces.
For a multilayers formation the system can be best represented by the convective
steering*!2, but the capillary force plays an important role in the formation of
monolayer assembly. In both monolayer and multilayer, the change is volume fraction
occurs almost as a shock™?. In the case of the monolayer, this transition is sharper due
to the capillary forces. This result of sharp increase in volume fraction is important for
the justification of assumption in Chapter 2. A force field can be related to a gradient

of the volume fraction (¢) (Eq. 13). The typical length scale 7, of regime Il is ~ 10-

20um, which varies with substrate velocity as well as particle diameter.

For the particle flow, the chemical potential in Eq. (13) can be replaced by
osmosis. This allows writing the chemical potential in terms of particle volume fraction.
Also, the diffusivity and mobility are a strong function of particle volume fraction. The
mobility goes down as the volume fraction reaches to a maximum volume fraction. We

can write an effective diffusivity as follows!82426,

D= Dok(¢)a("§—y»% (15)

Where?® K(¢)=(1-¢)%%°, z(#)=1.85/(0.74-¢) for large ¢. And Do=KT/6IIna.

We generally work with the high Péclet number flow conditions, which results
in the irreversible formation of hexagonal packing. Joy et al. showed?® that, using a
mechanical vibration, the effective temperature of particles can be increased. This
allows them to rearrange. Rearrangement gives both the better crystal structure as well
as square packing. Square packing could be the result of micro-rheology, which
provokes rearrangement of particles to minimize a shear stress. Muangnapoh et al®
showed a better crystal structure can be obtained for the monolayer in a particular range

of amplitudes (10-100 um) and frequencies (20-50 Hz). This range gives an idea about
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the length scale (A) and the time scale (1/w) in regime 11. In the case of bidisperse silica
particle suspension, aiming for the monolayer, the vibration helps only in particular
combinations of amplitude and frequencies. The mechanism behind the vibration
assisted coating is unknown. This analysis might provide some insights on this topic.
Understanding the relationship between vibration parameters and /¢, gives a new

degree of freedom to this process. In a shorter time scale, the crystal formation can be
made a dynamic process. Muangnopoh®! plotted the map of different coating
morphologies observed in the case of bidisperse silica (1um) and Ps (100nm)
suspension as a function of amplitude and frequencies (Fig C.6). According to this set
of experiments, we observed three different morphologies, viz. a) an enhanced
monolayer, where monolayer quality is improved over controlled coatings (Fig. C.7a).
b) A pseudo phase consists of a combination of the sub-mono-multi layer due to the
overlap of coatings (Fig. C.7 b) and c) the phase separation, which consists of different
deposits of microspheres and nanospheres (Fig. C.7c). It is clear that enhancement in
monolayer quality is only achieved in a certain range of amplitude and frequency. Over
amplitude (higher A) can dump one layer on top of the other, which results in mixed
morphologies. Additionally, smaller amplitudes with high frequency can tear apart the
thin film. Closer microspheres become the part of growing crystal due to high capillary
forces, while the nanoparticles oscillate back and forth. This results in flushing of
nanoparticles beyond critical local volume fraction. We think this happens decrease in

particle mobility with increasing nanoparticles.
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Figure C.4 thin film developed with a substrate velocity. Before crystal front/phase
separation the flow behavior is governed by lubrication forces. y(o) is surface tension
as a function of surface (o). Particle flows as a tracer in liquid. No concentration
gradient and external force on particles.
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Figure C.5 in the presence of force field, particles maintain volume fraction gradient.
Osmotic pressure balances the force. The phase separation occurs over a small length
/1. The crystal structure is being formed, because of the evaporation.
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Figure C.6 Overall phase diagram of vibration-assisted deposition, which summarizes
the effect of the amplitude (Ao) and the frequency of vibration (w). Gray squares
represent enhanced monolayer range. Blue circles represent pseudo phase, and orange
circles represent phase separation. ©

Figure C.7 a) Enhanced monolayer, microspheres are surrounded by nanoparticles
particles. b) Pseudo phase at a higher amplitude (A) and lower frequencies (®), where
different morphologies have formed by dumping one layer on top of the other. ¢) Phase
separation at lower A and higher o, nanoparticles are separately deposited destroying
the crystal structure.

¢ This data have been adopted from Dr. Muangnapoh thesis. 2015 © Lehigh University.
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Conclusions

The convective deposition is fundamentally different from the Landau-Levich
type deposition. The fundamental difference in terms of evaporation and substrate
motion time scale. The phase separation of particles is a unique feature of convective
deposition, which allows separating different flow regime that is governed by separate
set of equations (flow conditions). We understood that the transition between any two
flow regimes is sharp enough to isolate and study them separately. Research shows that
there usually exists three regimes. In the first regime, the flow is similar to the Landau-
Levich flow, where particles follow the streamline, and the suspension exhibits single
phase behavior. In the second regime, the particles densify in a short length scale. This
process is irreversible for the higher Péclet number. Although, mechanical vibration
can allow the structure to rearrange and improve. We have discussed different scenarios
and tools of solving them. Understanding the length scale of regime Il allows the
interpretation of previous results obtained with mechanical vibration. In situ experiment
using confocal microscopy or particle scattering methods should be the next step to
experimentally measure the volume fraction of particles. Also, mechanical vibration
can be effectively used for bidisperse silica suspensions with different particle size ratio

to obtain various crystal structure and porosity.
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