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The wide applications of two-dimensionally ordered nanoscale features have stimulated the development of cheap and
fast fabrication techniques in recent years. We achieved large area of uniform film of nanoparticles between 49.8 £ 8.7
and 117.6 = 6.7 nm via flow-coating. However, the single crystalline domains of a close-packed monolayer remained
limited. That motivated deposition of initially ordered colloidal dispersions, attained through deionized solutions to
extend electrostatic double layers for long-range repulsion. Although the deposition agreed reasonably well with our
power-law model, the initial order was destroyed at high shear. While the particle order was partially preserved during
deposition at low shear, the domain size was not particularly extensive due to the high compression of double layers
during evaporation. © 2014 American Institute of Chemical Engineers AICKE J, 60: 1287-1302, 2014
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Introduction

Two-dimensional (2-D) ordered structures with submi-
cron features have diverse applications, including photonic
band-gap materials for waveguides,'” structural coloring,’
antireflective surfaces,3 biomimetic materials with water
repellent surfaces,“’5 sensors,6’7 storage media,g_m light
emitting diodes,'""'*> templates for lithography,'*'* and
electrophoresis devices that sort macromolecules according
to size and mobility.''® This motivates the development
of cheap and fast methods to fabricate large arrays. These
techniques are generally divided into top-down and
bottom-up approaches, where the former creates small fea-
tures from a larger one and the latter creates patterns
from smaller building blocks.

Top-down techniques are usually lithographic, for exam-
ple, photolithography,'”"* e-beam lithogralphy,20‘21 and
nanoimprint lithography,zz’23 which have a high level of pre-
cision and reproducibility. However, these processes involve
expensive equipment that increase both fabrication time and
cost. On the other hand, bottom-up approaches such as col-
loidal assembly®* create nanostructures with a variety of
properties by using building blocks with different functional-
ities. Continuing advancement in particle synthesis provides
cheap monodisperse nanoparticles as small as 3.2 nm. 7!
Assembly methods for creating 2-D structures include elec-
trophoretic deposition,”**? spin-coating,>**> dip-coating,***’
and adsorption,*w’39 each with its advantages and disadvan-
tages. For example, electrophoretic deposition is flexible in
the shape of the substrate but limited with aqueous solutions
when high voltage is needed. Spin-coating and dip-coating
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are both fast but waste material during the process, while
adsorption produces a monolayer easily but is very
chemistry-specific. Therefore, we are drawn to flow-coating
(sometimes called doctor blade coating), a modified dip-
coating process that is inexpensive, fast, simple, and robust
across a variety of solutions and substrates.**>* The horizon-
tal configuration of flow-coating eliminates gravitational
drainage, an undesirable feature of dip-coating (Figure 1).
Furthermore, holding the sample between the substrate and
blade reduces the amount of materials required significantly.

Two characteristic deposition strategies in flow-coating
depend simply on the experimental velocity. At low velocity,
evaporation dominates and the deposition is typically
referred to as convective assembly. On the other hand, evap-
oration is delayed at high velocity and the deposition is gov-
erned by a combination of viscous drag and capillary
pressure. This high velocity regime, where the effect of
evaporation on the thickness of deposition is negligible, is
typically referred to as Landau-Levich deposition.”> We see
the potential of Landau-Levich depositionS(F61 as a faster
and more easily controlled process than convective assem-
bly**>* in achieving a colloidal monolayer. Therefore, our
goal was to achieve an extensive monolayer of ordered nano-
particles by Landau-Levich deposition with a flow-coating
setup.

In this article, we flow-coated silica and polystyrene col-
loids with diameters between 50 and 120 nm. Although
silica of comparable size has been dip-coated by Brewer
et al.,’® the order of the deposited particles was not investi-
gated. Furthermore, they were unable to predict the deposi-
tion due to the complexity of gravitational drainage in their
vertical setup. On the contrary, our deposition confirms with
a model for the deposition and permits a study of the order.

We were further motivated to use initially ordered disper-
sions to improve the 2-D order of the final structure.
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Figure 1. Schematics of flow-coating experiments.

Deionizing the dispersions produces double layers with

thickness x~'=, /eoekBT/Zﬁ-V:lnfq%, where ¢, is the vacuum

permittivity, e is the dielectric constant of the solution, kg is
the Boltzmann constant, T is the solution temperature, nj and
q; are the number density and charge of free ionic species j,
respectively.®? Electrostatic repulsion rearranges the colloids
spontaneously into an ordered structure to minimize the free
energy.ﬁ‘gf65 If the colloidal crystal has submicron separa-
tions, bright iridescence will appear as a result of Bragg dif-
fraction.®>™®” That iridescence is a convenient indicator of
the presence of colloidal crystals.®®¢’

Model for Landau-Levich Deposition

In the Landau-Levich regime, the balance between vis-
cous drag and capillary pressure determines the ultimate
thickness of the deposited film. We modified their model for
dip-coating in our horizontal configuration,®® in which gravi-
tational drainage is negligible. At steady state, the Stokes
equation describes the flow

-Vp+V -t (D

with p the pressure and 7 the stress tensor. Because the hori-
zontal characteristic length scale is much larger than the ver-
tical in the thin film region, the lubrication approximation
can be applied, reducing Eq. 1 to

dp drxx + dTXZ

O0=——+
dx  dx dz

@

where x and z are the horizontal and vertical directions,
respectively (Figure 1).

The pressure p=—7/R, determined by the dispersion sur-
face tension y and radius of curvature R (Figure 1), which
can be approximated by 1/R ~ (d®h/dx?)/(1+(dh/dx)*)"’
~ d*h/dx’> according to the lubrication approximation. The
deionized dispersion flows like a power-law fluid with a
shear-dependent viscosity n=kj"~', where 9 is the shear
rate, k the flow consistency index, and n the power law
index, while the Newtonian behavior of the nondeionized
dispersion can be retrieved with n = 1. The shear stress fol-
lows as t=k}"=k(du/dz)", with u the velocity in the x
direction.

Substituting the above expressions into Eq. 2 and applying
the lubrication approximation suggests that the second term
on the right becomes negligible, resulting in Eq. 3a. Using
the no-slip boundary condition at the substrate (u|,_,=—V)
and a stress-free boundary condition at the surface
((du/dz)|,-,=0), we obtain du/dz (Eq. 3b) and u (Eq. 3c)
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We are particularly interested in the uniform thin film
thickness /7(x — —oo0)=h, before significant evaporation
occurs, at which the volumetric flow rate per unit width can
be approximated as Q=—Vh,. This flow rate should be con-
served outside of the uniform film, giving

h
j udz=—Vh, = h’/’h”z”:%V”(l/n+2)“(h—ho)” )
o

Equation 4 can be made dimensionless as Eq. 5 with the
scaling factors in Eq. 6, with primes indicating the derivatives
with respective to x. In fact Eq. 5 is applicable to the non-
deionized dispersion when substituting » =1 for a Newtonian
fluid and replacing k& with the shear-independent viscosity u

— ~1+2n

h'h =(h—1)" 5)

_h
¥=— % and h:h_ (6)

JEE. 1/3
(kV"(i’/n1+2)")

For the case of n=1, a linear perturbation of the nearly
uniform film, A;_,—., =146k, simplifies Eq. 5 to on" ~ h.
Because the film is decaying in the negative X direction, the
analytical solution suggests that dh ~ 6h' ~ h" ~ ce* for
some constant ¢. The resultant boundary conditions for Eq. 5
in the thin film (¥ — —o00) becomes h o~ 1+ce* h ~ ce",
and 1" ~ ce®. As guided by this reasoning, we impose the
boundary conditions at a sufficiently negative x (Eq. 7),
namely, fla:ge, and numerically integrate with the shooting
method using Mathematica (Wolfram)

h i e =1 CE arge (7a)
By = (7b)
ﬁ”|7, . =g M (7¢)

X="Xlarge

with ¢ a constant so that ce™ = is small.

Previous studies show that the thin film thickness /4, can
be predicted correctly by matching this asymptotic value
with the radius of curvature of the static meniscus.”’%"3 In
particular, the result from the lubrication approximation
holds as long as the capillary number Ca = nV/y is smaller
than O(1073). For our system, the matching occurs at the
blade edge (x=x,) where the film thickness equals to the gap
height G and the radius of curvature R can be measured. In
dimensionless terms

1’7,|—,_7 :h(1+2n)/3 # 2/31 (8a)
x=x, Mo Wi(l/nt2)") R

Blee =

X=X,

G
— 8b
7 (8b)

We found that 2" at our relevant ¥,, obtained by imposing
the two condmons in Eq 8 51multaneously, satisfies an
asymptotic value % | —1.123+3.1n>—3.7n+2.4 (Figure
2b). Therefore, the thlckness of the uniform film is given by
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Figure 2. (a) Dimensionless h" from numerical integration of Eq. 5 at n=0.1 (solid), 0.5 (dotted), and 1 (dashed).

Vertical lines indicate their respective X,. (b) Relationship between " I %o and n.
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which reduces to Eq. 10 for a Newtonian fluid with k=g and
n=1

3u\ 23 h
hy=0.64R (L) — §:1.33Ca2/3 (10)
y

It is usually easier to measure the meniscus in the reser-
voir in the right of Figure 1. Its radius of curvature is
1/(cos 0;+cos 0,),*"*™* with I the height and 6, and 0, the
two contact angles. As the lateral pressure gradient within
the reservoir is negligible in our system, we obtain R by
equating the radii of curvature in the left and right menisci
as R=1/(cos 0, +cos 0).

A particularly important parameter for the deionized col-
loids is the shear rate j=du/dz, which affects the viscosity
as mentioned previously. According to Eq. 3b, the shear rate
at any x is largest at z =0, which gives

1 1/n 1/n+2)V -
o= (3 1"n) :%(h’”h)”" (n

As shown in Figure 3, maximum of (hh")"" is 0.250
regardless of n. Hence, the maximum shear rate is

0.250(1/n+2)V

max h
o

12)

Experimental Details
Characterization of colloidal dispersion

Silica particles (SiO,, MP1040, 55 wt %, Nissan Chemi-
cal) and polystyrene particles (PS, AGB-5108, 50 wt %,
Rohm and Haas) in water were used as received for experi-
ments with nondeionized dispersions. Their diameters (d),
measured by scanning electron microscopy (SEM), are 117.6
*6.7nm and 109.7 = 7.6 nm, respectively. We also tested
the robustness of flow-coating with polydisperse aqueous 50-
nm silica particles (49.8 =8.7nm, Snowtex-OL, Nissan
Chemical). To simplify notations, SiO, and PS colloids men-
tioned in this article refer to 118-nm SiO, and 110-nm PS,
respectively, unless specified otherwise.

In some experiments, these SiO, and PS colloids were
deionized to produce colloidal crystals. The dispersions were
first diluted with Milli-Q water (18.2 MQ-cm, Millipore

AIChE Journal April 2014 Vol. 60, No. 4

Published on behalf of the AIChE

Corp.) to about 30 v/v % and then mixed with 5 w/v % ion
exchange resin (AG 501-X8, Bio-Rad) on a stirrer for 2 h.
The resin was then removed through centrifugation (4000
rpm, 5 min) and the supernatant was diluted to the desired
volume fraction with Milli-Q water.

The surface tension of the dispersion (y) was measured
with a Wilhelmy plate (TR516, Nima Technology) and the
electrophoretic mobility of particles was determined with a
zetasizer (Zetasizer Nano ZS, Malvern). The viscosities of the
nondeionized dispersions at various volume fractions were
measured by a capillary viscometer (H505, Cannon Instru-
ment), whereas the shear-dependent rheological properties of
the colloidal crystals were characterized by a rheometer
(MCR 501, Anton Paar) with a concentric cylinder geometry
(CC27-C-PTD200). The latter measurements imposed either
the shear rates () between 1 and 4000/s or shear stress (7)
between 0.1 and 40 Pa. Shear sweeps in both increasing and
decreasing directions were recorded to observe any hysteresis.
Any test that did not reach steady state as indicated by the
software (RheoPlus), usually at low 7, was ignored.

Preparation of colloidal dispersions and substrate for
flow-coating

The colloidal dispersions were diluted to the desired vol-
ume fractions (¢), typically between 0.047 and 0.134, with
Milli-Q water for the flow-coating experiments. Silicon
wafers and glass slides, which were used as substrates and
blades in the flow-coating experiments, were immersed in
piranha solution (concentrated sulfuric acid and hydrogen

(BRT)"
0.30,

0.25
0.20,
0.15,
0.10/| |
005
0,00

=50

Figure 3. Dimensionless (hh")"" from numerical inte-
gration of Eq. 5 at n =0.1 (solid), 0.5 (dotted),
and 1 (dashed).

Maximum of (hh")'/™ is 0.250 regardless of n.
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Figure 4. Nondeionized and deionized (a) SiO, and (b) PS at various ¢.

(left to right) Nondeionized dispersion at ¢=0.06, deionized dispersions at ¢=0.02, 0.04, 0.06, 0.08, and 0.10. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]

peroxide in a volume ratio of 7 to 3) at about 70°C for 20
min, followed by DI water rinsing and air blow-drying.
(Caution: piranha solution is very energetic and potentially
explosive. Proper personal protective equipment must be
worn at all times and the peroxide should be added to the
acid in an open container in the hood.)

Flow-coating deposition and analysis

In a flow-coating experiment, a silicon substrate was taped
to the motor stage, whose speed was controlled by a motion
controller (ESP300, Newport). A glass slide was held at an
angle (o), typically around 6°, to serve as the blade. After
adjusting the gap (G) to the desired height with a micrometer,
the colloidal dispersion was pipetted between the blade and the
substrate, which acts as the reservoir. The typical gap of 200—
550 pum held solution volumes between 22 and 52 pl. The
stage moved at speeds between 0.02 and 3.8 mm/s, depositing
a film with stripes of different thicknesses on the substrate that
dried within a few seconds. Pictures of the setup and videos of
the deposition processes taken through a USB microscope
(26700-300, Aven) provided measures of parameters such as
G, 1,0, and 0, (Figure 1) with the software ImageJ (NIH).

The SEM (Quanta 200 ESEM, FEI) images of the dried
samples were analyzed with Imagel to obtain the fractional
projected areal coverage (@). Furthermore, the maximum sin-
gle crystalline domain size of the particles in a 6.5 um by
6.5 um SEM image was determined with a Matlab (Math-
Works) program (Supporting Information). In brief, we first
determined the orientation of the crystalline domain using a
code modified from Johnston-Peck et al.*> and Hillebrand
et al.”® and then applied a code to measure the domain size,
as defined by particles with six nearest neighbors that are
oriented within *+3° of a common angle.

We also estimated the evaporation rate (£, kg/s) by meas-
uring the mass loss rate of water in a container with known
dimensions. In some experiments, the evaporation rate £ was
suppressed through covering the deposited film or pumping
humidified gas into a nearly closed chamber containing the
deposited film.”® As the duration of each flow-coating experi-
ment is too short to measure the evaporation rate in situ, the
reduction in E was measured in a separate experiment.

Experimental Results
Colloidal crystal formation through deionization

Our colloids formed colloidal crystals upon deionization
with the ion-exchange resin. As shown in Figure 4, the
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deionized dispersions exhibited red iridescence at ¢=0.04,
green iridescence at ¢=0.06, and blue iridescence at ¢=
0.08 and 0.10, indicating the presence of colloidal crystals.
Red, green, and blue correspond to wavelengths of about
670, 530, and 470 nm, respectively,”’ suggesting separations
between particles decreasing from ¢=0.04 to ¢=0.10 as the
soft double layer repulsion allows closer approach at higher
volume fractions. To demonstrate that the iridescence is a
good indicator of order, we include the translucent white
nondeionized SiO, and milky white nondeionized PS disper-
sions in Figure 4 for contrast. We used colloidal dispersions
with distinct red and green iridescence in our flow-coating
experiments.

Particle characterization

Surface Tension. The surface tension of nondeionized
SiO, dispersions was 71.1 = 0.8 mN/m, independent of con-
centration between the most dilute (¢ =0.021) and the most
concentrated stock (¢ = 0.343). This is the surface tension of
water within experimental error (71.5 0.9 mN/m). How-
ever, the average surface tension of nondeionized PS disper-
sions was smaller than water at 62.4 = 0.8 mN/m for the
stock (¢=0.485), indicating the presence of surfactants.
Upon dilution with Milli-Q water for flow-coating experi-
ments (0.039 < ¢ <0.071), the effect of surfactant was
reduced, producing a slightly higher surface tension of
66.1 = 0.5 mN/m.

On the other hand, while deionizing has insignificant
effect on the surface tension of SiO, dispersions between ¢
=0.033 and 0.075, leading to an average value
(71.9 0.6 mN/m) the same as water within experimental
error, its effect on the PS dispersions is more prominent.
However, deionization does remove most of the surfactant in
the PS stock (62.4 mN/m), increasing the surface tension of
the deionized PS between ¢=0.039 and 0.065 to an average
of 70.8 =0.7mN/m, the same as water within experimental
eITor.

Rheological Measurements. The viscosities (u) of the
nondeionized SiO, and PS dispersions measured with a cap-
illary viscometer at 21°C at shear rates around 225/s were
normalized on the viscosity of water (u,) (Figure 5). The
standard deviations of less than 1.5% for all measurements
were too small to be displayed. The volume fraction depend-
ence of the relative viscosity (u/u,) fitted by u,=1.0+3.1¢
-1-8.4(,1)2 is shown by the solid line. The positive deviation
from the 2.5¢- and the 5.9¢*-virial terms for hard spheres
are evidence of significant primary and secondary
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Figure 5. Relative viscosities of SiO, ((]) and PS (e)
dispersions.

The solid line indicates the second-order polynomial fit
to the data.

electroviscous effects, respectively.”®’® The Peclet number
Pe=3mu,(d/2)*) /ksT ~ 0.6, with  the shear rate, d the
particle diameter, kg the Boltzmann constant, and T the tem-
perature, suggests that the measurements is close to the low
shear limit.**®!

The viscosities of deionized dispersions were measured at
shear rates between 1 and ~400/s with a rtheometer with a
concentric cylinder geometry to avoid the turbulent flow
transition according to Taylor’s prediction® (j.;). The
deionized dispersions differed considerably from the non-
deionized counterparts, that is, shear-thinning until (and most
likely beyond) the onset of turbulence flow (Figure 6). We
characterized the deionized dispersions as power-law fluids
described by n=kj" . Figure 6 illustrates that the steepness
of the slope decreases discontinuously as the shear rate
increases, which corresponds to an increase in n, resulted
from the progressive destruction of crystalline structure by
the increasing viscous stress.

oo = 0.141 + nSi02_¢=0.033
1 RS b ® Si02_b=0.044
s lopen.symbois) 4 NSi02_=0.055
13250, * 11Si02_$=0.065
gA:.Xgo  nSi02_$=0.075
] A:. 0 nPS_$=0.039
o, A%eR,0, 2 nPS_=0.059
b .2 PS_¢$=0.076
01 s Taretal, o nPS_
7 E
[~
-
o
=
0.01 -
1 ngo, = 0.065
(filled symbols)
0.001 — T —
1 10 100 1000 5000
7 (1/s)

Figure 6. Viscosities of deionized SiO, (filled symbols)
and PS (open symbols) colloidal dispersions.

High shear rate data are truncated at their respective
Yerit- Dotted lines are derived experimental fits in the
high shear rate regime. The average slope between 1
and 5/s is —0.935 for SiO, and —0.859 for PS, convert-
ing into n of 0.065 and 0.141.
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Figure 7. Viscosities of deionized SiO, dispersions
(¢=0.055 and 0.075) cycling between low
and high shear rates.

Solid lines indicate increasing sweeps and symbols indi-
cate decreasing sweeps.

In the low shear regime between 1 and 5/s (Figure 6), n is
relatively constant. The average slope in the logn — logy plot
is —0.935 £ 0.008 for SiO, and —0.859 £ 0.021 for PS, con-
verting into ney, of 0.065 and 0.141, respectively. The small
n, especially for SiO,, suggests a colloidal crystal with rela-
tively elastic behavior. The ordered structure of the colloidal
crystal is most likely intact at such low shear.®

Beyond the low shear regime, the dispersion continues to
shear-thin but n increases discontinuously, suggesting that
the colloidal crystal breaks down and deviates from the elas-
tic behavior. Although the viscosity of the PS dispersions
decreases monotonically, there is a sudden increase for the
SiO, around 20/s (Figure 6). This is most likely associated
with an abrupt change to a less ordered structure, commonly
known as shear melting.***> The viscosity, a measure of
resistance to flow, is relatively low for a colloidal crystal
because of its ordered structure. On shear melting, the disor-
dered structure hinders the deformation more; hence the
order-disorder transition produces a jump in viscosity. This
jump is reversible, i.e., independent of shear direction. The
viscosity retraces itself when cycling between low and high
shear rates except around jumps (Figure 7). This hysteresis
supports the jump as an order-disorder transition that appears
at similar locations in both directions but with a larger varia-
tion while ramping down (symbols). In fact, the order-
disorder transition (ramping up) takes 51 =7 s, whereas the
disorder-order transition (ramping down) takes systematically
longer time with a larger variation at 112 =34 s. Clearly,
the destruction of order by shear is faster than formation of
order from disorder.

At rates above the jump, shear-thinning resumes and the
viscosities of SiO, and PS converge. In fact, if we establish
the ¢-dependence of n and k for PS dispersions from 55 to
386/s, namely, npignh and kpien, respectively, and apply them
to the SiO, dispersions, the calculated values (dotted lines in
Figure 6) match the experimental data very well. As the vis-
cosities of SiO, and PS are almost identical in this high
shear regime, one might deduce that SiO, and PS behave
similarly in their disordered states. This contrasts with the
low shear regime where the lower viscosity and n of SiO,
suggest a more ordered structure than PS (Figure 6). We
extrapolate the viscosity in this regime (7=~knign fmien ~1y o
shear rates beyond 7. as the real viscosity cannot be deter-
mined due to turbulence.
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Figure 8. (a) The viscosity and shear stress of SiO (filled symbols) and PS (open symbols) dispersions.

The fitted lines (solid lines) are used to determine the dynamic yield stresses 7,. (b) The estimated 7, are plotted as a function of ¢.

The dynamic yield stresses 7, of deionized colloids can be
obtained from the rheological measurements. Below the
yield stress, the colloidal crystal behaves like an elastic solid
and has minimal flow (if any).86 Once 1, is exceeded, the
flow becomes considerable and a smaller viscosity results.
Plotting the viscosity against the shear stress (Figure 8a)
demonstrates that each sample approaches a separate vertical
tangent at low shear. We estimated t, with these asymptotic
values by a power-law fit (solid lines) and obtained compara-
ble values with literature.®” The linear increase with ¢
(Figure 8b) shows that PS has a slightly larger 7, than SiO,
of the same ¢.

Thickness of film deposited by flow-coating of
nondeionized dispersions

Comparison Between Theoretical and Experimental Film
Thickness. Nondeionized SiO, and PS dispersions at vari-
ous volume fractions were successfully deposited using a
flow-coating system. A typical dried film is shown in Figure
9a, where the thickness within each step of constant velocity,
shown as a vertical stripe, is quite uniform. In particular,
films with uniform thickness covering area up to 10 cm?
have been achieved. We note that this has not exhausted the
instrumental limit and may have the potential to cover even
larger area. The difference in shade of the stripes reflects the
difference in thickness.

To determine quantitatively the thickness (fexp), We first
obtain the fractional areal coverage of deposited particles (a)
in the SEM images (Figure 9b). As the particles are never
found to stack on each other below monolayer coverage, we
can relate the two quantities as follows. The total projected
area of particles in a wet film with area Ay, iS aAye; hence,
the number of particles is N=aAye /(d*n/4) and the total
volume they occupy is N(d*n/6). We can relate this volume
to the wet film volume (Aye(/texpc) through the volume frac-
tion of particles (¢). Therefore, we obtained the relationship
hexpt =2ad /(3¢), where a=0.906 for a hexagonally close-
packed monolayer. We multiplied a obtained at low magnifi-
cations (Figure 9b) by 0.906, which assumes hexagonal
close-packing in the brighter area containing deposited par-
ticles, before applying it to the equation to correct for the
inability to resolve individual particles and interstitial sites.

Figure 10a shows the thickness /gy, normalized on the
radius of curvature of the static meniscus R, for SiO, films
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deposited at various capillary numbers Ca = uV/y. Here,
hexpe Was systematically thicker than Ay, (Eq. 10) by a factor
of 2.07 = 0.18 for dispersions with ¢ > 0.071 (open sym-
bols) and slightly less for dispersions with smaller ¢ (filled
symbols). Le Berre et al. also observed roughly two times
thicker films in their experiments with phospholipid solutions
and attributed the effect to the Marangoni effect.*' As the
surface concentration of surfactant decreases from the reser-
voir to the film due to stretching of the interface,gg’89 the
gradient provokes a Marangoni stress that results in thicken-
ing.go’91 The extent of thickening, known to be within a fac-
tor of 2.52,°°? with the maximum being reached when the
surface moves at the substrate velocity. This might not seem
immediately relevant to our system as surfactant should be
minimal in the SiO, dispersions which have a surface ten-
sion similar to water. However, it is the surfactant gradient
at the surface that is important. To assess the effect, we fol-
low the dimensional analysis of Ramdane and Quéré”® to
evaluate the surface tension difference (Ay) required to pro-
vide a significant thickening flux. When surfactant is present
at the film surface, the stress generated by the surface ten-
sion gradient must be balanced by shear stresses

du,  _dy
Rz 1=n~ gy

13)

z=h

(b)

Figure 9. (a) A typical film deposited at steps of
increasing velocity (left to right).

(b) SEM image of a typical submonolayer of particles.
Brighter regions correspond to deposited particles,
whereas darker regions correspond to bare silicon sub-
strate. The white box represents the typical size and
location of where subsequent SEM images are taken.
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Figure 10. The dimensionless experimental film thickness hexot /R of nondeionized (a) SiO, and (c) PS at various

capillary number Ca = uV /.

The bottom dotted line indicates normalized theoretical thickness Ay, from Eq. 10 and the top dotted line indicates theoretical

upper bound of thickening (thickening factor = 2.52).

A scaling analysis with length scales in Eq. 6 leads to

L (14)
ho ho(/(Buv))?
Ay~ 3 ‘“w(%)” (15)
With typical experimental values u~ O(107Pa-s),

7~ O0(107'N/m), and V ~ O(10>m/s), the surface tension
difference necessary for a significant thickening flux is as
small as O(10°N/m). Although not resolvable in our meas-
urements of the surface tension, there could be sufficient
residual surfactant from synthesis to generate the effect.
Therefore, thickening from surfactant-driven Marangoni
stress could affect deposition of nominally surfactant-free
SiO, dispersions.

Furthermore, Park®? also shed light on the effect of surfac-
tant on the power dependence between i/R and Ca. The
thickening factor was found to depend on the Marangoni
number M=—(I,/7,)(9y/0T)y. , where I is the surfactant
surface concentration and the subscript o indicates the values
at the reservoir. The theoretical dimensionless film thickness,
scaled by V2R, at various M and Ca is shown in Figure 11.
The degree of thickening varies with M. For example, for
Ca between 107 and 1073, the thickening factor remains at
its upper limit (2.52) for a sample with larger M (i.e.,
M=0.1). As a result of uniform thickening, the power
dependence of the film thickness on velocity remains the
same as /R ~ Ca®® in Eq. 10. However, the thickening
factor for a sample with smaller M (i.e., M=0.01) decreases
gradually as Ca increases.

In fact, our dispersions at different concentrations have
various M. If T, changes more significantly than y, and
(07/9T)r, upon dilution, the more concentrated dispersion
will have a larger M and vice versa. We approximate the M
for our more diluted dispersions with the literature value of
0(1072) for stearic acid with low surface concentration
(1/100 the number of molecules required to form a close-
packed film).”® Together with the observation in the previous
paragraph, we expect the deposition from dispersions with
higher ¢(M ~ 0.1) to result in i/R ~ Ca®%7, whereas that
from smaller ¢(M ~ 0.01) to have a smaller exponent for
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deposition between Ca=107> and 107>, Our films, typically
deposited around Ca ~ O(1077), indeed show a comparable
dependence of /R ~ Ca®’4*0% for SiO, dispersions with ¢
>0.071 and lower powers for dispersions with smaller ¢
(Figure 10a).

Results show that nondeionized PS dispersions deposit sim-
ilarly as SiO,, producing films thicker than prediction by
206+ 045 times and with a power dependence of
0.74 £0.05 on Ca (Figure 10b). The only major difference is
that the thickening factor is constant for PS within the range
0.036 < ¢ < 0.097, presumably due to the larger concentra-
tion of surfactant in the PS dispersions that results in a larger
surface concentration and M. Figure 11 shows that a larger M
provides a wider range of Ca at which the thickening remains
constant, which the thickening of our PS resembles.

To test the applicability of the flow-coating technique with
smaller particles, we used 50-nm silica particles. Like the

1077F >
1 wpper limit ——'/
(thickening factor = 2.52) /
102 power = 0.67 # il
-,
t
10
lower limit
(no thickening)
1074 TR T AN -
10°¢ 107 10 10° 10°?
Ca

Figure 11. The dimensionless theoretical film thickness
t = hw, /(vV2R) as a function of Ca at various M.

The lower limit indicates no thickening and upper limit
indicates maximum thickening (thickening factor =
2.52). Figure reprinted from J Colloid Interface Sci,
146, Park CW, Effects of insoluble surfactants on dip
coating, 382-394, Copyright 1991, with permission
from Elsevier.

DOI 10.1002/aic 1293



5%10° |
2.52%(h,,/R)
10—3j Yoo -
12.07%(hy /R) o e”
S s
ﬁ -t e __.-'
= -8 y * T
r* h,/R
] _] ® 50 nm Silica
. “ power=0.67 | 0120 nm Silica
10° —— —
10-6 10°° 4*105
Ca=uVly)

Figure 12. The dimensionless film thickness hexpt /R of
nondeionized 50 and 118 nm SiO,, with
thickening explained by the Marangoni
effect.

118-nm SiO,, the deposited thickness follows the theory (Eq.
10) with a thickening factor of ~2.07 times, explained by
the Marangoni effect (Figure 12). Therefore, deposition by
flow-coating can be extended to smaller particles.

Particles ordering in flow-coated nondeionized samples

To quantify the ordering of deposited particles, we iden-
tify particles with six nearest neighbors oriented within +3°
from each other using the Matlab code (Supporting Informa-
tion) to determine the largest domain in a 6.5 yum by 6.5 um
image. The maximum domain size varies roughly inversely
proportional to the areal coverage a (Figure 13). When the
wet film is thicker than the diameter of the particles d, the
particles are free to move three-dimensionally. During evap-
oration, the film thickness decreases uniformly as suggested
by the homogeneous a across the film, except near the edges
where the pinned contact lines foster evaporation and result
in coffee stain effect.”* When the thickness becomes compa-
rable to d, the particle motion is confined in a 2-D plane.
The correlation of maximum domain size with a but not &
(not shown) suggests that ordering most likely takes place
when the film is thinned to <O(d), where a remains con-
stant. The large uncovered (dark) area at submonolayer cov-
erage (Figure 9b) also implies that there is minimal

Wet film

C:nrature: K.z< Ky
ressure
. >
(p=-yK) ° PAB_»pBC diffusion

Drying film  porm @600 @

(h ~d)

Dried film W

Figure 14. Schematics of ordering of nondeionized par-
ticles during drying of deposited film.

interaction between the particles and substrate that poten-
tially hinders particle motion over a large distance.

Figure 14 depicts particle ordering during film drying.
When the film thickness is slightly thinner than d, the film is
no longer uniform and the partially protruded particles create
curved menisci that provide capillary pressures. This pres-
sure is more negative where the packing is denser.” For
example, particle B in Figure 14 is closer to particle C than
particle A, resulting in a meniscus with larger curvature (K)
between particles B and C and a lower capillary pressure
(p=—7K). The lateral pressure gradient across particle B
attracts it toward particle C, nucleating a domain. If the
overall coverage is low, particles approaching an existing
domain have more time to rearrange into their lowest energy,
i.e., ordered, position before being immobilized by other
incoming particles. Therefore, the maximum domain size is
larger for smaller a and vice versa (Figure 13). The observa-
tion that the capillary pressure gradient facilitates the forma-
tion of 2-D crystal is in agreement with previous studies.’®"’

Some smaller particles are evident in the SEM images
(Figure 13, right). Instead of intermixing with the majority
of larger particles, they segregate to the edge of large
domains. As the film becomes about the thickness of d, the
meniscus will first form between larger particles and pull
them together. Although the larger particles are confined two
dimensionally, the wet film is thick enough for the free
movement of smaller particles.”® Additionally, the higher
diffusivity of the smaller particles facilitates diffusion away
from ordered domains of larger particles to minimize overall
energy. Hence, the smaller particles tend to form grain
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Figure 13. The maximum domain size in a 6.5 um by 6.5 um SEM image of nondeionized SiO,.

The maximum domain size is inversely correlated with the projected areal coverage a (middle). SEM images of deposited SiO,

with low (left) and high (right) overall coverages.
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Figure 15. SEM images of deposited nondeionized PS
with (a) low and (b) high overall coverage.

boundaries or their own domains instead of integrating with
the larger particles.

PS particles form fairly small domains (~0.5 um?) even at
low coverage (Figure 15a). This is most likely due to the
hydrophobicity of PS that leads to a larger contact angle
than the hydrophilic SiO,. As a result, the meniscus formed
as the particles protrude has a smaller curvature,” which
reduces the pressure difference between particles. The dimin-
ished attraction restricts particle coalescence and nucleation
of large domains.

Last, the SEM images of SiO, and PS monolayers are
shown in Figure 16. Although the particle ordering of SiO,
(Figure 16a) is slightly better than PS (Figure 16b), the
domain sizes are very limited in both monolayers
(~0.61+0.11um? for SiO, and ~0.37um? for PS). This
shows that a large monolayer of ordered particles cannot be
achieved by the Landau—Levich deposition of nondeionized
colloids with this flow-coating setup. Therefore, we were
motivated to extend the flow-coating technique to depositing
colloidal crystals, achieved through deionizing the colloidal
dispersions, as an effort to translate the existing particle
order into the resultant film.

Strategies in depositing deionized ordered colloids

Landau—Levich Deposition at Low Shear. As deionized
colloids lose order at high shear rates (Figure 6), we need to
deposit at low shear rates to preserve the original crystalline
order. Equations 9 and 12 show that j., depends on
R,V.,y,n, and k, yet only R and V are easily tunable experi-
mentally. Figure 17 plots 7., within the range of typical
experimental inputs at some fixed 7y and kpjg, from the
previous section. Clearly, a lower shear in the Landau—Lev-
ich regime can be achieved by decreasing the velocity V
and/or increasing radius of meniscus R, where the latter can
be achieved by increasing the gap height G, blade angle o,
and dispersion volume.

On the other hand, a lower evaporation rate E is supposed
to shift the transition between evaporative and Landau—Lev-

Figure 16. SEM images of nondeionized (a) SiO, and
(b) PS at monolayer coverages.
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Figure 17. The maximum shear rate j,.x given by Eqs.
12 and 9 at R=250um (solid), 375 um (dot-
ted), and 500 um (dashed) with $=0.055, y=
72mN/m , M=MNhigh and k=khigh .

ich regimes to lower velocities. Therefore, we suppressed
evaporation by two different methods, through covering the
sample or pumping humidified air into the chamber. These
methods reduced evaporation by 32 and 73%, respectively.
The resultant conditions indeed allowed Landau-Levich dep-
osition at low shear using large R and even lower V.

Effect of Initial Sample Loading. Other than being a
function of deposition shear rate as expected, we found that
flow-coating of deionized colloids also depends greatly on
the initial sample loading in the reservoir. For dispersions
that are loaded at a single point, strong iridescence is usually
found around the point of loading and weak iridescence is
found further away (Figure 18a). The strong iridescence
implies an ordered structure near the source, whereas the
weaker iridescence suggests that the colloids become less
ordered as they are forced to flow away from the source.
However, if the loading is delocalized along the blade edge,
which minimizes the distance that the dispersion has to
travel, strong iridescence is rather uniform (Figure 18c). We
will delocalize the loading for depositing large areas of col-
loidal crystal, but will also use the samples with nonuniform
iridescence to compare the effect.

We demonstrate that the difference in ordering, i.e., irides-
cence, also affects the deposited film thickness using samples
with initially localized iridescence like the one shown in Fig-
ure 18a. Deposition at various volume fractions confirms that
the region with highly ordered colloids (filled symbols in
Figure 18b) produces thinner films with a larger exponent on
V when compared to moderately ordered colloids (open sym-
bols in Figure 18b) deposited identically. Uniform highly
ordered colloids also show a consistent & —V relationship
(Figure 18d).

Deposition of deionized moderately ordered colloids

Comparison Between Theoretical and Experimental Film
Thicknesses. We first consider films from moderately
ordered colloids. As the deposition is usually associated with
weakly iridescent to noniridescent dispersions, we expect the
power law index n to be close to unity. However, we only
established n and k as functions of ¢ for 55/s <7 <386/s
due to Taylor instability in Couette measurements (Figure
6). We assume that n and k remain unchanged above 386/s.
However, we also expect the colloidal dispersions to behave
like Newtonian fluids above some high shear rate j,, like the
nondeionized dispersions with relative viscosity u.=1.0+3.1
¢ +8.4¢* (Figure 5) and n=1. Such a transition, where
Knigh ymin 1 approaches u, typically occurs at 7, ~ O(10*/s)
for the relevant ¢. However, the determination of shear rates
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Figure 18. Top view of deionized SiO, dispersion sandwiched between the transparent blade and substrate showing
(a) nonuniform iridescence from localized loading and (c) uniform iridescence from delocalized loading.

The representative thicknesses of their deposited films are shown in (b) and (d), respectively. The open and filled symbols in (b)
correspond to deposition from moderately ordered [region I in (a)] and highly ordered [region II in (a)] colloids, respectively.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

in our flow-coating experiments requires prior knowledge of
n, which we lack, as 9=(1/n+2)0.250V /h, (Eq. 12). There-
fore, we estimated it by comparing an experimental parame-
ter 0.250V/hexpt from flow-coating with a scaled shear rate
7/(1/n+2) according to Eq. 12. In particular, our assump-
55/s 0.250V - Yo
(1/npign +2) Bexpt (1/npign +2)

. . 1/nhigh +2)0.250V
and the shear rate in flow-coating follows as %
expt

tion suggests that n=ny;e, for

We indeed found that our experiments were all performed
within this range.

Figure 19a shows that the experimental film thicknesses
agree reasonably well with the theory with npien and kyign in
Eq. 9 at small &, yet the theory overestimates by an increas-
ing amount as hy,, or equivalently shear rate, increases. This
suggests that the assumption of constant n and k in the
extrapolated region (j > 386/s) may not be valid, especially
at very high shear rates. Furthermore, Eq. 9 indicates
h ~ V2 (1521 - quggesting that we can deduce n from the
h —V relationship. Some representative experiments in Fig-
ure 19a were replotted in Figure 19b and their exponents
suggest n = 0.17 for ¢ < 0.061. This value is inconsistent
with the assumed n=ny;jgn ~ 0.4 and the weak iridescence in
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our dispersions. Because the fitting assumes V as the only
variable in each set of experiments, the deduced n will be
inaccurate if n in fact also varies. Both of the above suggest
that 7 is unlikely constant at np;,, in the extrapolated regime
(7 > 386/s). Instead, we believe that n increases progres-
sively with shear rate as high shear destroys order in deion-
ized colloidal dispersions. Such increasing deviation from
nhigh can likely explain the increasing difference between Ay,
and /ey, as shear rate increases (Figure 19a).

We also observed that the films deposited from moder-
ately ordered colloids are quite different at low and high
concentrations. As shown in Figure 19b, the film thickness
of SiO, increases with velocity for lower ¢(< 0.061) but is
relatively constant for higher ¢(> 0.071). We investigated
the possible association of the constant thickness with the
dynamic yield stress 7y, which appears as a constant stress at
low shear rates.'® However, we did not find a direct correla-
tion between them. The experimental thickness /ey, is in
fact about 3-7 times thicker than expected from rheology.
Instead, we found that the maximum shear stress deduced
from the flow-coating model (Tmax =k(J0, )") exceeded 1, in
all experiments and their ratio Tmax / 7, was smallest for the

2
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Figure 19. (a) Comparison between experimental (hexot) and theoretical (hy,) film thickness from moderately
ordered SiO; (filled symbols) and PS (open symbols).

hy, were calculated using n=nyg, and k=Ky;g, in the extrapolated regime. Dashed line indicates Ay, =h¢p . (b) Film thickness
of moderately ordered deionized SiO, increases with V at low volume fractions (¢ <0.061) and is independent of V at high vol-

ume fractions (¢ > 0.071).
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Figure 20. SEM images of sample deposited from mod-
erately ordered SiO,.
The white box in (a) represents the typical size and

location of where (b) and subsequent SEM images are
taken.

high ¢ experiments. This might suggest that the maximum
shear stress only determines the film thickness when the ratio
Tmax / 7, exceeds a certain threshold. Otherwise, the colloidal
dispersion maintains a constant stress which results in the
constant film thickness as shown in high ¢ experiments.

Particle Order in Films Deposited from Moderately
Ordered Colloids. The SEM images of the deposited par-
ticles show that the deionized particles arrange very differ-
ently from the nondeionized ones. Comparison between
Figure 20 and its counterpart from nondeionized dispersion
with similar a (Figure 9b) shows that the latter has larger
and more condensed uncovered (dark) area. In spite of the
different appearance, the particles do not stack on each other
at submonolayer coverage. Therefore, it is still valid to
deduce the film thickness /.y from the projected areal cov-
erage a, hexpy =2ad/(3¢), as mentioned previously.

Besides the different appearance, the quantitative analysis
of maximum domain size also shows a different behavior
from deionized particles. In particular, while the maximum
domain size is inversely correlated with a for nondeionized
particles (Figure 13), but increases with a for the deionized
particles at all tested volume fractions (Figure 21). Both
qualitative and quantitative results suggest the ordering of
deionized colloids is not driven only by the lateral capillary
pressure.

The weak iridescence and the power law indices 0.4 < n
< 1 deduced from the previous section suggest that the col-
loids are moderately or poorly ordered in the deposited wet

e
9

Wet film
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Curvature :KAB < KBC
Pressure .

ISSUTS : Pas P
Drying film ¢ =28 "™
(h ~d)
Dried film W

Figure 22. Schematics of ordering during evaporation
of deionized moderately ordered colloids
deposited at high shear.

film as depicted in Figure 22. The repulsive double layers
cannot generate long-range order in this kinetically trapped
configuration. Hence, the interparticle distances are probably
nonuniform, resulting in nonuniform curvatures of menisci
and capillary pressures as the film dries to 4 ~ d. The lateral
capillary pressure gradient pulls the particles together, but
the electrostatic repulsion maintains the separation at low to
modest coverages (Figure 21, left). As a increases and the
particles approach each other, the number of nearest neigh-
bors increases toward the six in ordered domains. This phe-
nomenon is evident when comparing the SEM images at
high a (Figure 21, right) with those at low a (Figure 21,
left).

Furthermore, the SEM images reveal that the double
layers amplify the disadvantage of colloidal polydispersity in
packing. Contrary to the size segregation in nondeionized
samples (Figure 13, right), the smaller polydispersed par-
ticles are intermixed in the deionized system (Figure 21,
right). As the film thins to the core diameter of larger par-
ticles, the film is no longer thicker than the effective diame-
ter (degr =d+2x~ ") of the smaller particles even though they
might have core that is smaller than the film thickness.
Therefore, these particles are not free to diffuse to the grain
boundaries and are confined within larger particles pulled
together by the lateral capillary pressure gradient. The pres-
ence of these smaller particles disrupts the packing and leads
to smaller domains. The schematics of the ordering are
shown in Figure 22.
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Figure 21. The maximum domain size in a 6.5 um by 6.5 um SEM image for deionized SiO, that is originally moder-

ately ordered.

The maximum domain size increases with the projected areal coverage a (middle). SEM images of films with low (left) and high
(right) overall coverages. Arrows on the right indicate some smaller particles intermixed with the larger monodispersed particles.
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Figure 23. The areal coverage of deionized highly
ordered SiO, deposited at various velocities.

In spite of the increase with @, the maximum domain size
at monolayer coverage is 0.37 um? for moderately ordered
SiO,. This is slightly smaller than the average 0.61 £0.11
umz for nondeionized SiO,, which could be due to the inte-
gration of polydispersed particles. The domain sizes of PS
monolayers were too small to make any meaningful compar-
ison. In summary, the particle ordering in monolayer did not
increase with moderately ordered colloids.

Deposition of highly ordered colloids (colloidal crystals)

Thickness of Films Deposited from Highly Ordered Col-
loids. We observed only weak iridescence in the PS disper-
sions, suggesting a lack of high order. This agrees with the
rheological measurements with n at the lowest shear rates
larger for PS (0.141) than SiO, (0.065) and a sudden jump
in viscosity, indicating an order-disorder transition, absent in
PS. Therefore, only highly ordered SiO, colloids with strong
iridescence are reported in this section.

Figure 18b shows that the region with highly ordered col-
loids (filled symbols) always results in thinner films than the
region with moderately ordered colloids (open symbols)
which are deposited identically. A unique flow property of
highly ordered colloids is the existence of dynamic yield
stress Ty. In particular, previous studies show that low shear
stresses near T, are quite different from the high shear ones
due to slippage.'®"'"> Therefore, we will first determine
whether the shear stress is comparable to 7, and then see
whether that produces a thinner film.

Because the flow-coating model poorly predicts the deposi-
tion of highly ordered colloids, we estimate the shear rate at
the blade edge as 0.5V /G, with V the substrate velocity and
G the gap height. The n and k deduced from rheological
measurements at the lowest shear (y=1-—5/s), namely, n,,
and ko, provide an estimate of the shear stress as
Test =kiow (0.5V/G)™" . For depositions of highly ordered col-
loids, we found the shear stresses to be comparable to the
yield stresses, with ey /7, larger than unity but not exceeding
1.17. According to Meeker et al.,lm’lo2 this ratio determines
the effect of slippage on fluid flow. The flow-coating model,
which assumes a no-slip boundary condition, thus predicts the
thicknesses well at high stresses. On the other hand, wall slip
becomes significant at stresses only slightly larger than the
yield stress. The resultant flow is then a combination of wall
slip and bulk flow. Wall slip reduces the effective velocity at
the moving substrate and induces an apparent velocity at the
stationary blade, which decreases the effective shear rate as
Peir =0.5(V—=2V;)/G, with V; the slip velocity. Because our
piranha-cleaned silicon substrate and glass slides have smooth
surfaces and the experimental stresses for highly ordered col-
loids are just above the yield stress, deposition likely takes
place at a reduced shear due to slippage.'®*'*® The film thick-
ness is, therefore, thinner than the high shear experiments,
which can also be verified by assuming a slip boundary con-
dition at the moving substrate in the flow-coating model.'®
Furthermore, increasing V' diminishes the effect of slipping,
hence the larger effective bulk flow results in a thicker film
(or equivalently larger a) as shown in Figure 23. Unfortu-
nately, the relationship between V and the substrate velocity
V is lacking, preventing a quantitative model for the deposited
thickness.

Particle Order in Films Deposited from Highly Ordered
Colloids. We characterized the order of particles in the
deposited film by the maximum single crystalline domain size
in a 6.5 um by 6.5 um SEM image. Figure 24 shows that the
maximum domain size increases with areal coverage ¢ among
all tested ¢. At low a, the isolation of particles with the repul-
sive double layer can be accommodated, hence resulting in
small domain size (Figure 24, left). As the particle concentra-
tion (or equivalently a) increases, the number of nearest
neighbors and the domain size increases (Figure 24, right).

The positive correlations between maximum domain size
and a (Figure 24) and between @ and V (Figure 23) suggest

Figure 24. The maximum domain size in a 6.5 um by 6.5
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um SEM image for deionized SiO, that is originally highly
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Figure 25. Schematics of ordering during evaporation
of colloidal crystal deposited at low shear.

a monolayer of ordered colloids might be achieved with a
larger V. However, higher velocities destroy the colloidal
crystalline order except at the highest ¢ of 0.075. This is
consistent with the linear increase of 7, with ¢, suggesting a
colloidal crystal from higher ¢ can sustain a larger shear
stress before losing the ordered structure. The maximum
domain size at monolayer coverage obtained from the highly
ordered SiO, (0.77 ,umz) exceeds that of moderately ordered
particles (0.37 um?®) but is only slightly larger than for non-
deionized particles (0.61 =0.11 um?). Therefore, the extent
of ordered monolayers does not seem to improve with the
use of highly ordered deionized particles.

Based on the strong iridescence in the reservoir, we
hypothesize the ordered structure of colloidal crystal was
minimally disrupted in a low shear deposition (Figure 25).
Although the double layers shrink as ion concentration
increases about 10-fold during drying as the film dries to
h ~ d, the double layers are still sufficiently thick to main-
tain particle order through repulsion. However, as the film
dries to h < d, capillary pressure dominates and compresses
the double layers that generate the order. Hence, the initial
particle order was not preserved in the dried film and the
final pattern was similar to that from moderately ordered col-
loids in the previous section. Such a disruption to the origi-
nal crystalline order immediately prior to complete drying
was also observed in evaporative colloid spin-coating.
Further studies using in situ microscopic and scattering tech-
niques together with high-speed imaging will be useful in
confirming the dynamics of particle ordering during film
deposition and drying.106_log

Colloidal monolayer and the challenges in achieving
large domains
Figure 26 compares the SEM images of films with mono-

layer coverage (¢=0.906) obtained from (left to right) high
shear deposition of disordered and moderately ordered

colloids and low shear deposition of highly ordered colloids.
The maximum domain sizes, 0.61=0.11, 0.37 and 0.77 ,umz,
respectively, are very similar, indicating that our goal of
obtaining large monolayer of ordered particles has not been
achieved through Landau-Levich deposition of colloidal
crystal from deionization. This reflects the compressibility of
the double layer, especially among close-packed particles,
and the absence of any long-range guidance to condense
individual domains into larger ones as the double layer
thickness shrinks. The destruction of order most likely
occurs during the final stage of evaporation (& < d) when
lateral capillary force overshadows the electrostatic repulsive
force. Unless the repulsive force that orders the colloids can
resist the capillary action, the formation of a large monolayer
of ordered colloids by flow-coating remains challenging.

Furthermore, even if we were able to translate the particle
order in a wet film to the final dried structure, the inability
to predict the film thickness in a low shear deposition of col-
loidal crystal renders the technique less controllable. In par-
ticular, the exact effect of slip velocity on bulk flow and its
relationship with substrate velocity is unknown. Without this
information, a monolayer can only be achieved through trial
and error.

Conclusions

Aqueous silica and polystyrene colloids between 50 and
120 nm were deposited in the Landau-Levich regime using
a flow-coating setup. The deposited amount of nondeionized
colloids can be controlled well and predicted by the model
with a thickening factor that is determined by the Marangoni
effect. In particular, large area (~10 cm?) of uniform mono-
layer is achieved. The inverse relationship between the single
crystalline domain size of deposited SiO, and overall cover-
age suggests that particle ordering is facilitated by the lateral
capillary pressure gradients during film drying. With the
depletion of empty space at high coverages, the time allowed
for ordering before the film completely dries is reduced.
Hence, the domain size at monolayer coverage is not exten-
sive. Furthermore, the domain size of PS is rather small
even at low coverages because its hydrophobicity reduces
the capillary force that is responsible for nucleating domains.
Therefore, a large monolayer of ordered particles, especially
hydrophobic ones, cannot be achieved with such a system.

We aimed to improve the particle order through the use of
initially ordered colloids, achieved through deionizing the
colloidal dispersions and generating long-range repulsions.
Rheology characterized the deionized colloidal dispersions

Figure 26. SEM images of SiO, monolayer from (left to right) high shear deposition of originally disordered (nondeion-
ized) and moderately ordered colloids, and low shear deposition of originally highly ordered colloids.
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as power-law fluids and indicated destruction of order at
high shear. We deposited deionized SiO, and PS of around
110 nm in both high and low shear regimes. The theoretical
thicknesses from the flow-coating model with fixed (extrapo-
lated) power law index n agreed reasonably well with the
experimental values but deviated at very high shear, presum-
ably due to progressive destruction of order. The particles
were only moderately ordered or poorly ordered in the wet
film due to large deformation in the flow field. During a later
stage of drying, some particles formed close-packed domains
when the lateral capillary attraction overcame the electro-
static repulsion. However, these domains were relatively
small because electrostatic repulsion prevented them from
merging. At close-packed monolayer coverage, the double
layers were highly compressed with no effect on particle
order.

On the other hand, we also deposited the colloidal crystal
at low shear. Although we were not able to predict the
deposited thickness due to the lack of quantified wall slip-
page, strong iridescence supported that colloidal crystals sur-
vived during deposition. However, the ordered structure was
not reflected in the final dried film and the domains remained
small. We again attributed the poor order to the destruction
from nonuniform lateral capillary pressure, which dominated
the double layer repulsion during final drying. At this stage,
the particles in the film were no longer ordered, like those in
the high shear deposition. Hence, their final patterns were
similar and the domain size in a close-packed monolayer
was not improved.
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