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ABSTRACT: Large-scale close-packed two-dimensional (2D) colloidal crystal with high
coverage is indispensable for various promising applications. The Langmuir—Blodgett
(LB) method is a powerful technique to prepare 2D colloidal crystals. However, the self-
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In this study, we clarify the crucial impact of hydrophilicity of the microspheres on their bk ot capillary
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water surface, which leads to more accurate results. The critical surface pressures for 8 T30 @

hydrophilic and hydrophobic microspheres are about 61 and 46 mN/m, respectively. The . é Z20
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water surface, which further leads to higher coverage and less defects of the 2D colloidal
crystals. A coverage of as high as 97% was obtained using hydrophobic microspheres.
Entropy and intersphere capillary forces drive the self-assembly and transportation of the
microspheres, respectively. Caused by the diffraction of visible light, opposite contrasts at local adjacent regions on the surface of the
2D colloidal crystals have been observed. The understanding of self-assembly of the microspheres during the LB process paves the
way to fabricate the high-quality 2D colloidal crystals for various applications such as photonic papers and inks, stealth materials,
biomimetic coatings, and related nanostructures.
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B INTRODUCTION the lifting speed of the substrate, and so forth.*'% Self-
assembly at the gas/liquid interface'"'” is an effective way to
prepare large-scale 2D colloidal crystals, with two possible
ways to transfer the 2D crystal at the interface to a solid
substrate, that is, the scooping transfer method (manually)'”
and the Langmuir—Blodgett (LB) method,'* between which
the LB method is a controllable self-assembly technology
having advantages like high degree of mechanization and good
reproducibility.

Last decade has witnessed continuous efforts using the LB
method to prepare 2D colloidal crystals, including both non-
close-packed ones and the close-packed ones. Compared to the
non-close-packed counterpart, the close-packed 2D colloidal
crystals have less requirements of the substrates'> as well as the
material of the colloid itself."® The most often used colloids to
prepare the close-packed colloidal crystals are silica micro-
spheres and polystyrene (PS) microspheres. Previous reports

|

Colloidal crystals, periodically ordered arrays of monodisperse
colloidal particles (typically, micro- and nanospheres ranging
from a few micrometers to tens of nanometers in diameter),
represent a new class of self-assembled materials.' Among
them, two-dimensional (2D) colloidal crystals are attracting
more and more attention because of their unique optical and
structural properties which have great application potentials.
For example, colloidal lithography” based on 2D colloidal
crystals is a facile, inexpensive, efficient, and flexible nano-
fabrication approach toward a wide variety of 2D patterned
nanostructures with high controllability and reproducibility.
Other important applications vary from photonics, electronics,
optoelectronic devices to biological and chemical sensing,
surface wetting, and energy conversion.”* In these applications,
the development of 2D colloidal crystals with high coverage
and low defects rate is a prerequisite.

Various methods to prepare monolayer-thick colloidal
crystals have been developed, which can be generally divided Received:  April 22, 2020
into five categories: drop coating, dip coating, spin coating, Revised:  July 29, 2020
self-assembly at the gas—liquid interface, and electrophoretic Published: July 30, 2020
deposition.”® Among them, the first three methods are
relatively easy but some of their technological parameters
need to be precisely controlled, such as the evaporation rate,”

© 2020 American Chemical Society https://dx.doi.org/10.1021/acs.langmuir.0c01168

W ACS Publications 10061 Langmuir 2020, 36, 1006110068


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Heping+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gang+Niu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Ren"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luyue+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Owen+Liang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinyan+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yangyang+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ya-Hong+Xie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ya-Hong+Xie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.langmuir.0c01168&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01168?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01168?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01168?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01168?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.0c01168?fig=abs1&ref=pdf
https://pubs.acs.org/toc/langd5/36/34?ref=pdf
https://pubs.acs.org/toc/langd5/36/34?ref=pdf
https://pubs.acs.org/toc/langd5/36/34?ref=pdf
https://pubs.acs.org/toc/langd5/36/34?ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c01168?ref=pdf
https://pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org/Langmuir?ref=pdf

Langmuir

pubs.acs.org/Langmuir

focus mainly on the optimization of the deposition parameters
and the experiment conditions,'’~*° the study of the optical
and physical properties of the 2D colloidal crystals,lg’21 and the
improvement of LB equipment.'”****> A few study has been
reported on the behavior of the microspheres during the whole
LB process, including self-assembly on the water surface as well
as the following transferring process. Furthermore, the
traditional method to measure the characteristic surface
pressure—area isotherms (7—A curve)” is not available for
the microspheres for they will sink into water severely during
the dispersion period. Although these are of great significance
for the preparation and optimization of the close-packed 2D
colloidal crystals, the understanding of them is however
hindered by the difficulties to in situ study the colloids at a
submicrometer scale at the air/subphase interface.”’

In this study, we analyze the self-assembly phenomenon and
the transferring process of the microspheres during the whole
LB process by studying the compressing area of the monolayer
at the air/water interface, where the quantity of the
microspheres equals to those transferred to the Si wafer.
Using the same method, we analyzed the surface pressure—area
isotherms for the microspheres. To achieve the high coverage
2D colloidal crystal, we optimized the fabrication parameters
and particularly clarified the impact of hydrophilicity of the
microspheres on the coverage as well as the defects of the
colloidal crystals. Furthermore, photonic properties of 2D
colloidal crystals were studied.

B EXPERIMENTAL SECTION

Materials. Two types of monodisperse PS latex microspheres were
used, differences between which are whether the surfaces are
functionalized by sulfate groups. Surface sulfated microspheres were
purchased from Alfa Aesar, with a concentration of 2.5 % wt. The
other type microsphere with no functional groups was purchased from
Suzhou Smartynano Technology Co., Ltd, with a concentration of 5
% wt. Produced as water dispersion, both types of microspheres have
a diameter of 500 nm, and the coeflicient of variance is <5%. The
dispersions were mixed with an equal volume of ethanol before being
used. Because the microspheres were dispersed in the completely
same liquid without any other additives, the differences of zeta
potential between these two types of dispersions caused by the
microspheres are not signiﬁcant.26 Si0,/Si wafer (50 nm) as a
substrate underwent hydrophilic treatment by immersing in a Piranha
solution at 70° C for 1 h, followed by rinsing in deionized (DI) water
for 3 times.

LB Assembly of 2D Colloidal Crystal. Figure 1 is a schematic
illustration of the fabrication process of 2D colloidal crystals of PS
microspheres using LB trough (Shanghai Zhongchen Digital
Technique Apparatus Co., Ltd). Before introducing onto water in
the LB trough, the mixed PS microspheres dispersion was
ultrasonically treated for 30 min. The mixture was slowly dispersed
on the water surface through a hydrophilic silicon wafer sheet inserted

a
500 nm PS
Inclined microspheres
Si wafer

Wilhelmy 5
plate

Sliding 50 nm SiO, / Si wafer
barrier

Figure 1. (a) Schematic illustration of the fabrication process of 2D
colloidal crystals of PS microspheres using the LB method. (b)
Schematic illustration of the 2D colloidal crystals (the defects of the
2D colloidal crystals are not shown here).

into water at an angle of 30°. The loading speed of suspended liquid
was about 20 pL/min. The dispersion slowly diffused along the
inclined Si wafer (shown in Figure la) to the air/water interface.
Then, microspheres floated on the water surface and self-assembled.
When more than 60% area of the water in LB trough was occupied,
the sliding barrier was activated to compress the microsphere film at a
speed of 0.05 mm/s. During this process, the surface pressure was
measured using a Wilhelmy plate®” (shown in Figure 1a). When the
setting pressure is reached, the barrier reciprocated for 3—5 times to
promote the array of the microspheres at the air/water interface.
Then, the silicon wafer immersed in the water bath was slowly pulled
out of water. To maintain the surface pressure of the LB film on the
water, sliding barrier continued compressing. After the substrate was
totally lifted out of water, the wafer with the monolayer of PS
microspheres was dried in the air. The 2D PS microsphere array self-
assembled at the air/water interface was transferred to the Si wafer.

Characterization. The 2D colloidal crystals were examined using
scanning electron microscopy (SEM) (FEI quanta FEG 250 and
ZEISS GeminiSEM 500). Optical photographical images were
acquired by a digital camera. Software Image J was used to perform
the math statistics of the coverage of the 2D colloidal crystals and the
crystal defects. It is noted that the coverage we used here refers to a
relative coverage, which takes the coverage of a perfect close-packed
array of spheres as 100%.

B RESULTS AND DISCUSSION

Effect of LB Parameters. Before depositing the monolayer
of the microspheres, it is necessary to study their 7—A curves,
where 7 is the surface pressure of the monolayer on the water
surface, and A is the average area occupied by a single
microsphere at the air/water interface. We used a mixture of
1:1 volume ratio of the aqueous dispersion and ethanol, which
helps the microspheres disperse on the water surface. In
dynamics, the mixing of ethanol in water largely depends on its
viscosity and its compatibility with water.”®* When dripping the
mixture onto water, ethanol spreads on the water surface and
forms an ethanol—water bilayer. Some fraction of the alcohol
evaporates, while the other fraction gradually mixes with water.
At the same time, the microspheres with the drop flow on the
water surface with the alcohol, forming self-assembled
monolayer. When dispersing the microparticles on the water,
the surface pressure of the monolayer changes with the
concentration of the particles. When the density of particles
increases, the area occupied by an individual particle becomes
smaller, leading to a lower surface tension of water and a larger
surface pressure formed by the particle monolayer. Surface
pressure in the LB trough can be described by eq 1.”

T=h~K (1)

where ¥, is the surface tension of pure subphase, and y; is the
surface tension of subphase with monolayer. The subphase
used here is DI water.

The wettability of a microsphere at the interface is the key
factor that determines the vast majority of the interactions
between the particles and the interface and amongst particles
adsorbed at the interface.’”®' The sulfate groups on the
surfaces greatly enhance the hydrophilicity of the micro-
spheres, which makes the sulfated microspheres easily sink into
water. Here, we name the microspheres without any surface
functional groups as hydrophobic microspheres, compared
with those sulfated ones (hydrophilic microspheres). The 7—A
curves of the two types of PS microspheres are shown in Figure
2a, where the green curve represents the hydrophilic
microspheres before adjustment, the blue and red curves
represent the hydrophilic microspheres (sulfated) and the
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Figure 2. Depositing monolayer of S00 nm PS microspheres on silicon wafer using LB trough. (a) 7—A curves of the two types of PS microspheres.
For hydrophilic microspheres, the figures before (green curve) and after adjustment (blue curve) are shown. (b) Coverage of 2D colloidal crystals
on the Si substrate prepared at different surface pressures using hydrophilic PS microspheres. (c—g) SEM images of the 2D colloidal crystals of
hydrophilic microspheres prepared by LB method, with surface pressures of 20, 30, 40, 50, and 60 mN/m, respectively. Scale bars in the images are
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hydrophobic ones (nonfunctionalized) after adjustment,
respectively. To accomplish the measurement of the complete
m—A curves, the volume of the mixtures adding onto water is
3000 pL for hydrophilic spheres and 200 uL for the
hydrophobic microspheres. The number of hydrophilic and
hydrophobic microspheres added onto water is 5.457 X 10"
and 7.276 X 10'°, respectively. The PS material has slight
hydrophilicity with a contact angle with water of 86 + 2°.*
When using the traditional method to calculate the value of A
(green curve in Figure 2a), all the microspheres added into
water were included, which leads to an inaccuracy because a
large amount of microspheres sink into water even with the
utilization of the ethanol mixture. Here, we minimize this error
by calculating the quantity of microspheres which are at the
air/water interface. The compressing area on the water surface
by the sliding barriers during the lifting period is the key
parameter, which will be discussed in Figure 3ab in detail.
Comparing the green and blue curves in Figure 2a, it can be
seen that at the same value of 7z, the corresponding A in the
green curve is much lower than that in the blue curve, from
which the fraction of sunk microspheres for hydrophilic ones
can be calculated as high as 88%, and for hydrophobic ones is
39%. Comparing the blue and red curves, it can be seen that
the two curves have rather different shapes. For hydrophobic
microspheres (the red curve), the surface pressure 7 shows an
obvious hysteresis in the regime of A = 0.13—0.30 um?/
microsphere. The critical 7 of the hydrophobic microspheres is
about 46 mN/m. For the hydrophilic microspheres (blue
curve), the curve also shows an obvious hysteresis but in the
regime of A = 0.08—0.75 um*/microsphere and displays a
more complex feature. Starting at 0.75 ym?®/microsphere, the A
decreases, and the surface pressure largely increases and
reaches the critical value of ~61 mN/m.

In order to further understand the characteristic and to
clarify the possible underlying mechanism, detailed SEM
measurements were carried out on the samples with hydro-
philic microspheres (blue curve) at the different surface
pressures. Figure 2b plots the coverage variation of 2D
colloidal crystals on the Si wafer fabricated via the LB method
using hydrophilic microspheres as a function of the surface
pressure. A lower Iiftin% speed is good for higher coverage of
the 2D colloidal crystal.” It is noted here that the lifting speed
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Figure 3. Self-assembly of PS microspheres on the water surface. (a)
Macroscopic relationship between surface pressure and the micro-
spheres area on the water surface during the lifting film process. The
compressing area for hydrophilic microspheres is 64.30 cm* and for
hydrophobic microspheres is 77.93 cm?, and the area for 2D colloidal
crystals on the Si substrate is 76.15 cm?® (b) Statistics of the
macroscopic area of monolayers on the Si wafer and the compressing
area during the lifting process. (c) LB process of the microspheres
with sulfate groups (hydrophilic). (d) LB process of the microspheres
without any surface functional groups (hydrophobic).

of the substrate was fixed at 0.02 mm/s, which is the minimum
value of equipment. It can be clearly seen that the coverage
reaches a maximum of ~93% at the 7 of 40 mN/m and
decreases to 89% at the 7 of 50 mN/m and then stays same at
7 of 60 mN/m. Figure 2c—g shows the surface morphology of
2D colloidal crystals shown in Figure 2b which are fabricated at
different surface pressures of 20, 30, 40, 50, and 60 mN/m,
respectively. The coverage of microspheres in Figures 2c—g
was estimated in more detail using the Image J software. For all
surface pressures, five regions with 33 X 25 ym” square were
analyzed.
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Impact of Hydrophilicity of Microspheres on Self-
Assembly. Considering that the hydrophilicity of micro-
spheres impacts their self-assembly on the water surface as well
as the coverage of the 2D colloidal crystals on the Si substrates,
we therefore studied the differences between microspheres
with sulfated surfaces (hydrophilic) and without any surface
functional groups (hydrophobic). We note here that the
compressing area rather than the average area of a single
microsphere (i.e., A in the green curve shown in Figure 2a) was
crucial during the lifting process. It is because the area needs to
be limited at the air/water interface for the study of self-
assembly, whereas average area A before adjustment represents
all the microspheres added into water including those sunk
into water. According to the experiment observations, the
microspheres at the air/water interface would stay close-
packed and transfer to the substrate instead of sinking into
water during the compressing process.

2D colloidal crystals composed of microspheres with the
sulfated surface (hydrophilic) and pure surface (hydrophobic)
were prepared with same fabrication parameters with a lifting
speed of 0.02 mm/s and a surface pressure of 40 mN/m.
Figure 3a shows the variation of the surface pressure () as a
function of the monolayer area of microspheres on the water
surface during the lifting film process for hydrophilic (blue
curve) and hydrophobic (red curve) microspheres. Figure 3b
shows the statistics of the macroscopic area of monolayers on
the Si wafer and the compressing area during the lifting
process. The extracted compressing area for hydrophilic and
hydrophobic microspheres are 64.30 and 77.93 cm?
respectively. The distance (76.15 cm®) between the two
black vertical lines in Figure 3a shows the area of the 2D
colloidal crystals on the Si substrate. Table 1 shows the

Table 1. Average Area of Single Microsphere for Colloidal
Crystals with Different Coverage

average area of single  average area of single

sphere on water surface  sphere on Si wafer  coverage
(um?) (um?) (%)
hydrophilic 0.2031 02328 93
spheres
monolayer
hydrophobic 0.2284 0.2232 97
spheres
monolayer
ideal 2D crystal 0.2165 0.2165 100

coverage and average area of a single microsphere for two types
of colloidal crystals. According to the calculation, a micro-
sphere with 500 nm in diameter occupies 0.2165 um?® for ideal
2D colloidal crystals. The average area of a single microsphere
on the water surface for hydrophilic microspheres (0.2031
um?) is lower than that for the ideal crystal, which indicated
the possible existence of overlapping of the microspheres at the
air/water interface. For hydrophobic microspheres, the average
area occupied by a single microsphere at the air/water interface
(0.2284 um?) is slightly larger than that on a Si wafer,
indicating the good self-assembly on the water surface. This
agrees well with the experimental observation for microsphere
films. It can also be seen that the 2D colloidal crystals
composed of hydrophobic microspheres have a coverage of
97% with the average area of a single microsphere of 0.2232
um?, which is close to the ideal crystals. However, for crystals
composed of hydrophilic microspheres, the coverage is 93%,
and the average area of a single microsphere increases to

0.2328 um’, which is much larger than that of the ideal
crystals. It should be noted that the direct impact of the
functional group (PS—SOj) is not significant because it is at
the atomic scale.”* On the contrary, the effect of the change of
hydrophilicity caused by the sulfate group is important.

Above observations could certainly facilitate the under-
standing of the self-assembly behavior of microspheres. In fact,
the whole LB process can be divided into three periods
according to the position as well as the order degree of the PS
microspheres, as schematically shown in Figure 3c,d for
hydrophilic and hydrophobic microspheres, respectively. In
period 1, the microspheres self-assemble on the water surface;
in period 2, the microspheres transfer to the substrate and
become ordered on the Si substrate; and in period 3, the water
on the substrate evaporates and leaves the ordered colloidal
crystals.

In period 1, the PS microspheres could be taken as hard
spheres (HS), which have already been widely used in
statistical mechanics because of their phase behavior and the
importance of packing effects in many systems.” The force of
the PS microspheres on the water surface is mainly the short-
range repulsion.”®*” In the crystallization process, the system
tends to minimize its Helmholtz free energy F = U — TS,
where U is the potential energy of the system, T is the
temperature, and S is the entropy. Because HS have no
potential energy, the crystallization and other phase behavior
are determined entirely by entropy.”®” The configurational
entropy of HS is decreased when they form a crystal lattice.
This reduction of entropy is, however, more than compensated
by an increase of entropy because of the larger free volume for
local movements in the crystal lattice; space is used more
efficiently in the crystal than in the disordered state. The result
is that the entropy for the crystal is larger than that for the
disordered state. The crystallization of the 2D colloidal crystal
on the water surface depends on the volume fraction of the HS,
which is controlled by the surface pressure 7 here. When 7 is
higher enough, the fluid phase will transfer to a crystal phase,
which could be verified by the diffraction of the visible light on
the water surface. The final 2D colloidal crystal transferred to
the Si wafer is greatly affected by the monolayer quality on the
water surface. The 2D colloidal crystal with high coverage was
obtained when 7 was over 40 mN/m, as shown in Figure 2e.

In spite of the crystal monolayer can be obtained on the
water surface obeying the thermodynamics law, the monolayer
of the two types of PS microspheres are not totally the same
owing to their respective hydrophilicities. After being dispersed
on the water surface, the microspheres are mainly affected by
two types of forces: capillary attraction and dipolar repulsion.*’
The self-assembly happens at the balance between these two
type of forces, and the equilibrium of the center-to-center

. : 36
separation between the spheres r,, can be given as

8 2\l/3

6‘water

Teq & eoyaw—2768 z

p Eair (2)
where y is the interfacial energy; a,, is radius of the water-
wetted area of the sphere, which is determined by the
equilibrium contact angle 6, through a,, = a sind; €, €.t and
g, are dielectric constants of air, water, and vacuum,
respectively; and P is the total electric dipole moment of the
sphere which depends mainly on the surface charge density of
the spheres.*® The surface charge is affected by the surface

chemistry.
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Figure 4. SEM images of the prepared 2D colloidal crystals with defects. (a) Hydrophilic microsphere crystal. (b) Hydrophobic microsphere
crystal. (c) Statistics of the defects of the two types of colloidal crystals. Scale bars are S ym.

For hydrophilic microspheres, on the one hand, a,, is lower
than that of hydrophobic microspheres. On the other hand,
owing to the more surface charge generated by dissociation of
surface ionizable groups, P for hydrophilic microspheres is
higher than hydrophobic ones. These two effects lead to a
smaller 7., for hydrophilic microspheres. Compared with the
hydrophobic microspheres, hydrophilic microspheres (Figure
3¢) reside more in water than in air*' and are easier to sink
into the water during the dispersion process. This forms
multilayers near the air/water interface and reduces the
average area of single spheres. The hydrophobic microspheres
(Figure 3d) own a larger r,, than hydrophilic microspheres and
tend to form a single layer of microspheres on the water
surface, leading to the average area occupied by a single
microsphere of which is slightly larger than that of ideal 2D
crystals on the Si wafer.

In period 2, the microspheres move to the Si substrate then
become ordered, and strong capillary forces play a crucial role
in the transportation of the microspheres from the water
surface to the substrate surface. It is worth noting that the
capillary forces between microspheres immersed in a liquid
layer on the solid substrate are many orders of magnitude
larger than the capillary forces between similar particles
floating attached to a single interface.””*> When the micro-
spheres move toward the Si substrate via the “arc” of the liquid,
the arrangement of the microspheres is still consistent with
that on the water surface. With the decrease in thickness of the
water layer (especially when reaching the diameter of the
microspheres) on the Si wafer, the intersphere capillary forces
caused by the meniscus of water surface turns out to be
attractive and long-ranged. When the microspheres were
transferred to the substrate, the attractive capillary force is
upward while gravity of the microsphere is downward. When
the upward force is larger than the downward one, the capillary
force caused by the meniscus attracts the microspheres and
drives them to the substrate.””** The hydrophilic substrate
keeps water on its surface, and it is crucial to form this
meniscus of water surface between microspheres, which makes
a hydrophilic substrate in most cases a prerequisite when
depositing colloidal crystals using the LB method. This is the
main reason why the hydrophilic SiO,/Si substrate was chosen,
the same as in many other studies of fabrication of colloidal
crystals using the LB method.”"*>***** Moreover, Si wafers
are the most commonly used substrates in the microelectronic
industry, which provide a large-scale and flat surface for the 2D
colloidal crystal. The semiconductor technology compatibility
of Si wafers is also good for the following processes such as
colloidal lithography.

The array formation on the Si substrate follows a two-stage
mechanism.”” At the first stage, a “nucleus” of ordered phase

appears when the first batch of microspheres arrive at the
border of the wetted area on Si wafers. The microspheres are
pressed to the substrate by the perpendicular component of
the capillary forces there. After the nucleus formation, the
following microspheres are captured by the local sucking
capillary pressure pointed to the ordered array. During these
two-stage processes, the order of the array is still driven by
entropy. The substrate lifting up with the concentration of the
microspheres near the sucking capillary forces region supple-
ment by the compression of the sliding barrier. Such a
reordering process leads to the eventual coverage of 93% and
an increase of average area of a single hydrophilic microsphere,
although it arranges more disorderly on the water surface. In
period 3, the crystals are completely in order, and the
deposited microspheres become stable with the water among
the microspheres evaporating.

Impact of Hydrophilicity of Microspheres on the
Defects of 2D Colloidal Crystals. In order to examine the
quality of the 2D crystals formed using two types of
microspheres, SEMs were performed on hydrophilic and
hydrophobic microspheres samples, and the results are shown
in Figure 4a,b, respectively. It can be seen that point and line
defects exist in both 2D crystals. Line defects are caused by the
contraction of the colloidal crystals as water evaporates
thoroughly.”” Point defects include vacancies (yellow circles)
and overlapping spheres (green circles). In order to examine
the defect density, five regions of two types of 2D colloidal
crystal with 33 X 25 um’ square were analyzed. Figure 4c
shows the statistic results in which blue squares represent the
defects of 2D crystals of hydrophilic microspheres, and the red
squares represent the hydrophobic microspheres. In the box
plot, data in the box represent the plotted values from 25 to
75%, and the solid dot is the mean value. It can be seen that
the average densities of point and line defects for hydrophilic
microsphere crystals are about 5.4 X 107> ym™* and 27.7 X
107> um™', respectively. These densities are all much higher
than those of hydrophobic microsphere crystals, which are 2.4
X 1072 ym™ and 13.6 X 107> um™', respectively. Table 2

Table 2. Statistics of the 2 Types of Point Defects in the
Counted Area (4125 pm?)

number number of overlapping
of overlapping vacancy sphere
vacancies spheres percentage  percentage
hydrophilic 201 19 91.4% 8.6%
spheres
monolayer
hydrophobic 99 0 1 0
spheres
monolayer
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Figure 5. (a) Visible light diffraction phenomenon of the 2D colloidal crystals under white light. (b—e) Contrast of the local adjacent regions varies
with the orientation of the sample. (f) Polar plot of the contrast variation of area 1 in (b—e). (g;h) SEM images of the adjacent regions [region 1
and region 2 in (b—e), respectively] at the same polarization angle. The black arrows in (gh) are the projection of the incident light, and scale bars

are 2 pm.

summarizes the statistical results of point defects (vacancies
and overlapping spheres) in the 4125 ym” area. In the analyzed
area, the point defects in hydrophilic microsphere 2D colloidal
crystal are composed of 201 vacancies and 19 overlapping
sphere defects, and there are only 100 vacancies in the
hydrophobic counterpart. The percentage of overlapping
spheres in hydrophilic microsphere crystal is 8.6%, whereas
this percentage is 0% (shown in Table 2) for the hydrophobic
microsphere crystal. Based on these results, it can be
summarized that hydrophobic microsphere crystals have higher
quality than hydrophilic ones, including higher coverage and
less defects. This is due to the self-assembly process on the
water surface and the ordering process transferred to the Si
substrate of hydrophobic microsphere crystals. The hydro-
phobic microsphere monolayer transfers to the Si substrate
with the good order being maintained. In contrast, for
hydrophilic microspheres, the self-assembly is worse on the
water surface with microspheres immersed into water, although
the ordering process enhances the final crystal quality on the Si
wafer.

Photonic Properties of 2D Colloidal Crystals. The
photonic properties of fabricated 2D colloidal crystals are of
significance. Methods commonly used to fabricate photonic
crystals include the microchannel plate method, photo-
lithography, and electron beam lithography, as well as reactive
ion etching and the electrochemical methods.”® Compared
with these methods, the LB method is simpler and more
inexpensive, with great potential to fabricate wafer-scale
photonic crystals. Owing to the periodic structures, the 2D
colloidal crystals can generate iridescent colors of structural
origin based on the Bragg diffraction of light because of their
complete manipulation of the propagation of light."”*° Such
structural color can also reveal whether the structure of the 2D
crystal is a long-range order. In this scenario, the diffraction
light exhibits to be green, as shown in Figure 5a. The adjacent
regions (marked by the red square in Figure Sa) exhibit
different contrasts, which would make it suspicious that the
dark region have no 2D colloidal crystal structure at all.
However, this contrasts located in adjacent regions are also
generated from the polarization angle of the samples, as shown
in Figure Sb—e, where region 1 and region 2 show opposite

brightness, and it also changes with the sample orientation.
Figure 5f is the polar plot of the contrast variation of area 1
shown in Figures Sb—e. The polarization angle of each area to
totally change its contrast is 60°, which equals to half of the
axial angle of the 2D hexagonal close-packed (hcp) lattice.
Figure Sg)h is the SEM image of the adjacent bright and dark
regions in Figure Sb—e, region 1 and region 2, respectively. It
can be found that the orientations of the colloidal crystals in
these two regions are different, resulting in the different
strength of the diffraction lights. Therefore, at the bright and
dark regions, the structures of the 2D colloidal crystals both
exist. The visible light scattering of colloidal crystals can be
used for many applications, such as photonic papers and inks,'
stealth materials,”” and biomimetic coatings.

B CONCLUSIONS

In conclusion, high coverage and high-quality 2D colloidal
crystals have been successfully fabricated on Si wafers, and the
significant impact of the hydrophilicity of microspheres on
their self-assembly and subsequently on 2D colloidal crystals
quality have been studied. The 7—A curves of hydrophilic and
hydrophobic microspheres were analyzed and compared. The
critical surface pressures for hydrophilic and hydrophobic
microspheres are about 61 and 46 mN/m, respectively. The
whole LB process was analyzed using the compressing area of
the monolayer and discussed with three periods. At the air/
water interface, hydrophilic microspheres tend to form
multilayers. Strong intersphere capillary forces lead to the
transportation of the microspheres from the water surface to
the Si substrate, then on the Si wafer, the order of PS
microspheres is driven by entropy as well as on the water
surface. The coverage of 2D colloidal crystals composed of
hydrophilic and hydrophobic microspheres is 93 and 97%,
respectively. Moreover, the 2D colloidal crystal diffracts visible
light, causing the different contrasts at local adjacent regions,
which is in accordance with the hcp lattice. The understanding
of the impact of hydrophilicity and the properties of close-
packed 2D colloidal crystals using the LB method can certainly
facilitate the fabrication of high-quality 2D colloidal crystals for
different applications like photonic papers and inks, stealth
materials, biomimetic coatings, and related nanostructures.
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