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We report here that a two-dimensional (2D) diamond-like structure of micron-sized colloidal particles can be obtained by
DOI: 10.1039/x0xx00000 layer-by-layer self-assembly. Positively and negatively charged silica particles, 1 um in diameter, were used in the
experiments. On a positively charged, flat glass substrate, the first layer of negatively charged particles was prepared to
form a non-close-packed 2D crystal. Then the second and third layers were fabricated using electrostatic adsorption. The
positions of adsorbed particles were controllable by tuning the zeta-potential of the particles and the salt concentration of
the medium. The FDTD calculations show that the 2D diamond structures of particles with higher refractive index (titania)
have an absorption band in the wavelength range corresponding to the photonic band gap of the 3D bulk crystal. We expect

these findings to be useful for the fabrication of novel photonic materials.

interactions has been studied; microscopic diamond crystals
1 Introduction have been constructed by employing the binary systems>6 and
DNA-modified particles®? or tetrahedral particlesg.
Electrostatic interactions, which are readily tunable and
long-ranged, are often significant in colloidal self-assembly.
Binary colloids with opposite charges produce various kinds of
alloy crystals, depending upon the size and charge ratios415,
Diamond lattices of oppositely charged binary metal particles
about 10 nm in diameter have been fabricated!617.

A diamond lattice of colloidal particles with a structural
periodicity of the wavelength of light [Fig. 1(a)] has been shown
theoretically to function as a photonic crystal with a perfect
three-dimensional (3D) photonic bandgap when the refractive
index of the particles is sufficiently large!. Even an “amorphous
diamond” structure that is not perfectly ordered has been
reported to work as a photonic material?, as can be seen in
brightly colored bird feathers3® etc. Single- and few-layer
diamond lattices of thin GaAs nanorod arrays constructed by
electron-beam lithography and micromanipulation method
have been reported to have photonic band gaps®. Various
ingenious methods have thus far been devised to fabricate
colloidal diamond crystals®>8. Here we report a new
methodology to obtain a large-area, two-dimensional (2D)
diamond-like structure, which consists of a regular 2D sequence
of tetrahedral clusters of particles. This structure was
obtainable using electrostatic layer-by-layer particle
adsorption.

Colloidal self-assembly has been actively studied®3. For
colloid consisting of only one kind of particle that interacts
isotropically, the resulting crystals are those with high packing
fractions a; the face-centred cubic (FCC, a = 74%), body-centred
cubic (68%), or hexagonally close-packed (74%) crystals. On the
other hand, a diamond lattice, which has a much lower a (34%),
does not form spontaneously because it is entropically
disfavored. Therefore, the use of binary colloids or anisotropic
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Fig. 1 (a) Diamond lattice; the region enclosed by the dashed line is the
target structure of this study. (b) Comparison of the face-centred cubic
(FCC) and diamond lattices. (c) The fabrication method.
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cluster—which is the structural unit of the lattice—has been
studied in detaill82°, We have recently obtained tetrahedral
clusters of polystyrene and titania particles in the microgravity
environment of the International Space Station?!.

Here, we propose a new method for fabricating 2D diamond
structures, aiming to verify whether micron-sized charged
particles form colloidal crystals with a low value of a. This
method is based on our recent studies of (i) 2D-charged
colloidal crystals?2, and (ii) colloidal clusters21.23.24,

Figure 1(b) illustrates the concept of the method. The
diamond lattice is “a double FCC” lattice. In Fig. 1(b) the FCC
(111) plane and the corresponding plane in the diamond lattice
are shown in yellow. The target structure is obtainable in the
following three steps: (i) placing the particles shown in white in
the FCC (111) plane as “layer 1”. (ii) Arranging the “layer 2”
particles (red) in the centres of the equilateral triangles of
particles in “layer 1”, and (iii) setting the “layer 3” particles
(green) on top of the “layer 2” particles. These three layers of
particles form two-dimensionally connected tetrahedral
colloidal clusters, which we here call a “2D diamond structure.”

To fabricate this structure, we used the layer-by-layer
adsorption of charged particles illustrated in Fig. 1(c). First, a
positively charged [hereafter, denoted by (+)] glass substrate
was prepared and layer 1 was formed by adsorbing negatively
charged [denoted by (-)] particles on it to make a triangular
lattice. The (+) particles in layer 2 were next adsorbed onto the
centres of the equilateral triangles of the nearest neighbours in
the lattice of layer 1. The layer 3 particles again bore negative
charges and were adsorbed on top of the (+) particles in layer 2.
As described below, we were able to make the particles to be
adsorbed in suitable positions by varying the zeta-potential { of
the particles and/or the salt concentration C; of the medium.

We will also discuss the optical properties of 2D diamond
structures using finite difference time domain (FDTD)
calculations. It is known that 3D bulk diamond crystals of high
refractive index particles, for example, titania particles have a
perfect photonic band gap (PBG). FDTD calculations show that
2D diamond structures constructed with titania particles have
absorption bands in the wavelength region corresponding to
the PBG of the 3D bulk crystal.

2 Experimental

2.1 Materials

Silica particles (Seahoster KE-P100, Nippon Catalyst Co., Ltd.,
Tokyo, Japan) with diameters d = 1060 nm and {=-46 mV (in 10
UM NaCl solution) were used as (-) particles for layers 1 and 3,
which were observable by optical microscopy. (+) particles for
layer 2 (d = 1120 nm, { = +59 mV) were synthesized by
introducing a cationic polymer, polyethyleneimine (PEIl), onto
the (-) particles. As a substrate, we used a coverslip modified
with a cationic silane coupling agent, 3-
aminopropyltriethoxysilane (APTES, Shin-Etsu Chemical Co.,
Ltd., Tokyo, Japan), (Fig.2). Preparation of the particles and the
substrate is described later in detail?2.
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Fig. 2 lllustration of the glass substrate modified with APTES.

2.2 Preparation of the (-) particles

A powder sample of colloidal silica, KE-P100, was dispersed in
Milli-Q water by ultrasonication. A mixed bed of cation- and
anion-exchange resin beads (AG501-X8(D), Bio-Rad Labs.,
California, USA) was added to the dispersion and the sample
was allowed to stand for seven days for deionization. The
sample thus purified was used in the experiments as the (-)
particles. We calculated the volume fraction @ of the particles
from the weight of the dried sample and the specific gravity of
KE-P100 silica (= 1.90, the value determined by the
manufacturer).

2.3 Synthesis of the (+) particles
Using a partially modified method of that by van Blaaderen and
Vrij23, (+) particles were synthesized in the following manner.

(i) Preparation of RITC-APTES solution: 2.5 mg of rhodamine
isothiocyanate (RITC, Wako Chemicals Co., Ltd., Tokyo, Japan)
was dissolved in 2 mL of ethanol, sonicated, and stirred for 5
min in a Teflon container. Then 10 pL of APTES was added to the
solution and the sample was stirred for 24 h. The resulting
addition reaction between the isothiocyanate group of RITC and
the amino group of APTES provided a reactive silane coupling
agent with the rhodamine moiety, RITC-APTES.

(ii) Incorporation of RITC-APTES into silica particles: 11 mL of
ethanol, 5.8 mL of Milli-Q water, 320 pL of tetraethoxysilane,
and 300 pL of the RITC-APTES solution prepared in (i) were
mixed, and stirred in a Teflon bottle for about 5 min. Then 840
uL of agueous ammonia (25—27.9 mass/mass, Wako Chemicals)
was added to this solution. A dispersion of 0.5 g of KE-P100 silica
in 20 mL ethanol was prepared and added dropwise to it. The
reaction was carried out by stirring the sample for about 20 h.
Then the aqueous medium was replaced with ethanol by
centrifugation.

(iii) Modification of the particle surfaces with PEI: 13 mL of
ethanol, 4.3 mL of Milli-Q water, and 1.5 mL of an isopropanol
solution of trimethoxysilylpropyl modified (polyethyleneimine)
(Gelest Inc., Pennsylvania, USA) were stirred in a Teflon vessel
for about 5 min. Next, 500 pL of 1 M HCl and 20 mL of the RITC-
modified silica colloid obtained in (ii) were added to the
mixture. The reaction was carried out for about 21 h. Then the
sample was washed four times each with ethanol and Milli-Q
water by centrifugation to substitute the medium.

(iv) Purification: The aqueous dispersion of the (+) particles thus
obtained was dialyzed and purified for at least 10 days, before
the experiments.

2.4 Preparation of the (+) substrate

The surface of a glass coverslip (Matsunami Co., Ltd., Tokyo,
Japan) was modified with APTES to produce a positively charged
substrate. We used a partially modified method of our previous
one?2, The glass coverslip was washed with ethanol, dried, and
cleaned with a UV—ozone treatment for 10 min. It was then
immersed in concentrated sulfuric acid for 2 h, and washed with

This journal is © The Royal Society of Chemistry 20xx
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Milli-Q water. Thereafter, the cleaned coverslip was maintained
in 0.1% APTES in 1 mM acetic acid for 1 h, rinsed with Milli-Q
water, and dried. An eight-cell frame made of plastic resin was
then glued to the coverslip for the experiments. The cells were
treated with 0.1 M NaOH solution to hydrolyze some of the
amino-group moieties introduced on the glass surface, thereby
slightly reducing the number of positive charges.

Unmodified pure glass has an isoelectric point (iep) at pH ~
2, due to the dissociation of weakly acidic silanol groups (Si—OH)
on the surface. The APTES-modified glass substrate has an iep
of pH ~ 8.

3 Results and Discussion

3.1 Construction of layer 1

We prepared layer 1 by our previous method?? with some
modifications. Charged colloidal particles are arranged regularly
in dispersion when the electrostatic repulsion between them is
sufficiently strong; this structure is referred to as a 3D charged
colloidal crystal?6-28, 2D crystal can be obtained by electrostatic
adsorption of the 3D crystal onto the oppositely charged
substrate. At high particle volume fraction @, the 3D crystal
often has the FCC structure, whose (111) plane orients parallel
to the substrate?2. The 2D triangular lattice made by this
procedure was used as layer 1. As illustrated in Fig. 3(a), in order
to obtain a tetrahedral structure for the diamond lattice, the
distance € between the centres of the nearest-neighbour
particles in layer 1 must be € = V(8/3)d ~ 1.63d. Fig. 3(b) shows
that the € value was tunable by @ value of the 3D crystals. For
a uniformly dispersed colloid, € ~ 1.63d correspondsto @ ~ 0.17.
However, because of the high specific gravity (~1.9) and the
large size, the silica particles settled and concentrated. At @ =
0.05, the € value was 1640 + 70 nm (averaged value and
standard deviation of 200 measurements).

(a) (b) 2° © “[eom

opal dismond opal -~ 1t

d 163d 20 15
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Fig. 3 (a) The nearest centre-to-centre distance € between layer 1 particles
with diameter d required for a diamond lattice. (b) Relationship between €
and the particle volume fraction @. (c) Time dependence of the area
fraction @, of the adsorbed particles. (d) Optical micrographs of the
adsorption process of layer 1 particles onto the glass substrate.

We also observed adsorption process of layer 1. Figure 3(c)
is the time variation of the area fraction @ of the adsorbed
particles. Over time, the @a value asymptotically approached
the ideal value of the diamond lattice, 0.34. Figure 3(d) shows
snapshots taken in the course of adsorption of colloidal silica (®

This journal is © The Royal Society of Chemistry 20xx
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= 0.06) and these pictures were obtained from the image-
analysis software, Fiji. The image recording began immediately
after the sample was dropped onto the substrate (t = 0). A
movie of the adsorption process is presented as ESIt.

3.2 Construction of layer 2

To form layer 2, the (+) particles need to be located in the
centres of the unit triangular lattice of layer 1. Calculations of
interaction potential of particles in layers 1 and 2 were carried
out to examine stable structure (details are described in 3.5.1).
The calculations showed that the ideal configuration for
diamond lattice was energetically the most stable, irrespective
of C.. In this case, the (+) particles contacted all three
neighbouring particles in the triangular lattice. However,
microscopic observations showed that the (+) particles often
made contact with only one or two particles in layer 1. It is likely
that the strong electrostatic attraction between the (+) and (-)
particles caused a substantial frictional force, preventing them
from being located in the equilibrium configuration.

We therefore tuned the interaction by pH and C;. Fig. 4(a)
shows the effect of the HCI concentration, [HCI] on { for the (-)
and (+) particles in layers 1 and 2 (blue and red symbols,
respectively). For layer 1, unmodified (-) silica particles were
used, whose surface charges were due to dissociation of weakly
acidic silanol groups. At higher [HCI], the silanol groups were
less dissociable, reducing ¢ for the (-) particles, while  for the
(+) particles did not significantly depend on [HCI]. These
variations in ¢, as well as the increase in the ionic strength,
appear to have resulted in the reduction of the electrostatic
attraction between them at higher [HCI].

(@) gl W 4
2nd

£0 " A A

0 100 200 300 400 500
[HCI] (uM)

0 100 200 300 400 500
C'(LMI

Fig. 4 (a) Variation of the zeta-potential { of the particles used in layers 1
and 2 with [HCI]. (b) The area fraction @a of adsorbed (+) particles at varying
[HCI] or [NaCl].

The adsorption amount of (+) particles onto layer 1 reflects
the magnitude of interaction. We determined the [HCI]
dependence of ®@a of the (+) particles adsorbed onto layer 1
particles from micrographs [Fig. 4(b), blue symbols]. With
increasing [HCI], @a initially became larger and after reaching a
maximum it decreased. The increase in @, is because of the
weakened electrostatic repulsion between adsorbed and non-
adsorbed (+) particles with an increase in the ionic strength. At
[HCI] = 500 uM, almost no adsorption was observed.

The variation of ®ax upon the addition of NaCl was also
examined as shown in Fig. 4(b). In this case, @A increased
monotonically with the NaCl concentration, [NaCl]. The ideal
value of @4 for layer 2 (0.34) was achieved at [NaCl] ~100 puM.

J. Name., 2013, 00, 1-3 | 3
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Based on these results, layer 2 was prepared as follows.
First, a dispersion of (+) particles with [HCI] = 500 uM was added
to layer 1. Microscopic observations confirmed that the (+)
particles were retained near the centres of the triangular lattice.
Next, the (+) particles were adsorbed onto layer 1 by replacing
the medium with an aqueous NaCl solution. We found that ®a
~ 0.34 was achieved when NaCl of 50-100 uM was used. After
the adsorption, the excess (+) particles were removed by
washing the substrate with Milli-Q water.

3.3 Construction of layer 3
Finally, layer 3 was constructed by adsorbing (-) particles near
the tops of the layer 2 particles. Unlike the case for layer 2, the
formation of layer 3 involves both (i) repulsion from the (-)
particles in layer 1 and (ii) attraction by the (+) particles in layer
2. Interparticle potential calculations predicted that, at lower Cs,
the (-) particles tended to be adsorbed on top of the layer 2
particles (discussed in 3.5.2). These experiments were
performed at [NaCl] = 20 uM. After adsorption, the excess
particles were removed by washing the substrate with water.
The obtained structure was observed by a confocal laser
scanning microscope (LSM, type C2, Nikon, Tokyo, Japan).
Beforehand, the sample was immersed in an aqueous solution
of the green cationic fluorescent dye, auramine (0.5 mM), to
stain the (-) particles in layers 1 and 3. Images of each layer are
shown in Figs. 5(a)-5(c). A cross-section of the 3D
reconstruction image is shown in Fig. 5(d). Figure 5(e) is a
magnified image of Fig. 5(d). The 2D structure of connected
tetrahedra can be seen clearly. Figure 5(f) shows the positions
of the particles in layer 1 overlaid by those in layer 2, as
obtained from image analysis of the regions represented by
rectangles in Figs. 5(a)-5(c). The corresponding positional
relations for the particles in layers 2 and 3 are shown in Fig. 5(g),
indicating that the layer 2 particles were placed almost in the
centres of the three underlying particles in layer 1, while the
layer 3 particles tended to be positioned on top of the layer 2
particles.

10 pm

Fig. 5 Micrographs of (a) layer 1, (b) layer 2, and (c) layer 3. A scale bar in (a)
applies to (b) and (c). (d) 3D reconstruction and cross-section of the
structure. (e) A magnified image of the cross-section. Overlap of particles in
(f) layers 1 (blue) and 2 (red), and (g) layers 2 (red) and 3 (green); size of the
viewing fields = 10 x 10 pm?2.

4| J. Name., 2012, 00, 1-3

3.4 Evaluation of the lattice structure

Figure 6(a) shows the radial distribution function g(r) of the
layer 1 particles calculated from Fig. 5(a). Here, r is the distance
between particle centres. The dotted lines in Figs. 6(a) and 6(b)
represent the calculated values for the FCC (111) plane with d =
1000 nm and € = V(8/3) d, which agree well with the
experiments. Figure 6(b) shows g(r) for layers 2 and 3 based on
Figs. 5(b) and 5(c). Although their peak heights are lower than
those of layer 1 because they have more structural disorder, the
spatial periodicities in layers 2 and 3 are in good agreements
with that of layer 1. This indicates that, on average, the particles
in the three layers are arranged in a tetrahedral structure.

LT T T 3 T T T ¥ T
(a) i e tayer | (b) - lEyer 2

er : : 1 e fAyRr 3; 4
— 4t -
© T
@at ©

1+
a
0 0 PR S S
0 1 2 3 4 85 6 7 8 0 1 2 3 4 8 6 1 &
r(pm) r(pm)

Fig. 6 Radial distribution functions for (a) layer 1 and (b) layers 2 and 3
obtained from the images in Figs. 5(a)-5(c). The dashed lines are theoretical
values for the FCC (111) plane.

The regularity of the particle positions in layer 2, was
evaluated in terms of the bond-orientation order parameter ¥5
of the particles (the equation (1)).

(1)

As illustrated in Fig. 7(a), the angle 6,, is the n-th (n =1, 2,
3) bond angle of the triangular lattice of particles in layer 1; if
b, is the line passing through the n-th particle (layer 1) and the
central particle (layer 2) in a micrograph, the angle between b,,
and the x-axis of the coordinates is equal to 6,,. Figure 7(b)
shows the ¥5 values at various locations of the particle in layer
2. The centre of the triangular lattice is the origin (x, y) = (0, 0),
and we used a coordinate system in which the particles in layer
1 are fixed at the three points (0, 1), (-v3/2, -1/2), and (V3/2, -
1/2), in an equilateral-triangular arrangement. The parameter
Y, is 1 for the completely ordered structure where the particle
in layer 2 is located at the centre of the equilateral triangle of
the particles in layer 1, while ¥ is 1/3 when the particle is on
any of the sides of the equilateral triangle. A configuration with
W, =0 exists outside the triangular lattice.

The average value of ¥; was 0.85 = 0.16 between the
particles in layers 2 and 1, and 0.82 + 0.13 for the particles in
layers 3 and 1, which confirms the high regularity of the 2D-
diamond-like structure.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 (a) Definition of 6,,. (b) The parameter ¥, for the layer 2 particle
placed at various locations on the equilateral triangle of particles in layer 1.

3.5 Interaction between particles

3.5.1 Interaction between a (+) particle and the (-) particles in
the triangular lattice of layer 1

Here, we discuss the stable position of the (+) particle in layer 2,
assuming that the interaction potential U(r) between two
charged colloidal particles separated by a centre-to-centre
distance r was expressed as the sum of the Yukawa-type
electrostatic interaction potential Uy (r) and the van der Waals
potential Uyqw (1):

U@)=Uy )+ Upw (). (2)

The potential U(r) for particles 1 and 2 having radii a; and a,
and charge numbers Z; and Z5, respectively, is represented by

explk(ai+az)] Z1Z;e0* exp(=kr)
(1+kaq)(1+ka,) 4merey r ’

Uy () = (3)

Here, 1/k is the Debye screening length, & and gy are the
dielectric constants of the medium and vacuum, respectively,
and eg is the elementary charge.

The potential Uy,qw () is given by

r’=(a;+a,)*

ri-(a;-a;)?

2a4,a;
r2-(a;-az)?

A{ 2a,a,

Uvaw (‘I‘) = 6 r2—(a,+a,)?

1@

where A is the Hamaker constant between particles 1 and 2 in
medium.

For calculating the interaction potential between the single
(+) particle in layer 2 and the (-) particles in layer 1,
contributions from seven particles in layer 1 were considered.
The centre-to-centre distance between the nearest-neighbour
particles in layer 1 was set to the ideal value for a diamond
lattice, that is, 1.63d. The model used in the calculation is
illustrated in Figs. 8(a) and 8(b). The (+) particle (shown in red)

was always in contact with at least one particle in layer 1 (white).

6 was defined as the angle between (1) a vertical axis and (2) a
line connecting the centres of the (+) particle and the contacted
particle in layer 1; @is equal to zero when the (+) particle is on
the very top of the particle in layer 1. When the (+) particle is
located at the centre of an equilateral triangle of the particles
in layer 1, 8 has the largest value, arcsin [(2/3) v2] ~ 1.23.

This journal is © The Royal Society of Chemistry 20xx
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We found that magnitudes of (i) the electrostatic repulsion
between the (+) particle in layer 2 and the (+) charged glass
substrate and (ii) the gravitational potential energy of the
particle in layer 2 were negligibly small. Therefore, the sum of
the interaction potential between the (+) particle and the (-)
particles forming the triangular lattice in layer 1 was calculated
to examine the stable particle positions.

Hereinafter, the (-) particle in layer 1 and (+) particle in layer
2 are designated as particles 1 and 2, respectively. In the
calculation, all the particle sizes were set to 1000 nm (a1 =a; =
500 nm), Z; = -10000, and Z, = +10000. It is assumed that the
closest distance & between any two particles is 1 nm; namely,
when two particles are in contact, r = ro= 2a; + 6. The distances
between the centres of the (+) particle and each of the seven (-)
particles are expressed geometrically using 8, and the sum of
interaction energies is donated as U(6). Figure 8(c) is a plot of
U(0) / ksT vs. 6 calculated for various values of C, ranging from
2 uM (the impurity level in pure water) to 1500 pM. This
indicates that the (+) particle is the most stable at § = 1.23; i.e.,
when it is located in the centre of an equilateral triangle of the
nearest-neighbour particles in layer 1. Figure 8(d) shows the
force F acting on the (+) particle as a function of 8, which was
calculated from F = —(1/1y) dU /d6.

(c)
)
-
*-
£
s

y

0
00 02 04 06 08 10 12 00 02 04 06 05 10 1

o (rad) i {rad)

Fig. 8 Definition of the bond angle &; (a) Side view: dis the angle between
the vertical line and the line segment connecting the centres of the particles
in layers 1 and 2, (b) top views: &= 0 when the particle in layer 2 is on top
of the particle in layer 1. (c) Total interaction potential U(6) between the
(+) particle and seven (-) particles in the triangular lattice in layer 1 as a
function of @ for various values of Cs. (d) Force Facting on the (+) particle
obtained from U(8). The colors of the curves represent the same C; values
asin (c).

3.5.2 Interaction between the (-) particle in layer 3 and the
particles in the other two layers

We examined the conditions in which the particles in the three
layers are arranged in a tetrahedral shape. The electrostatic
forces acting on the (-) particle in layer 3 are shown
schematically in Fig. 9(a). Each (+) particle in layer 2 exerts an
electrostatic attraction (Fpos) on the (-) particle in layer 3. On the
other hand, the three (-) particles in layer 1 cause electrostatic
repulsion. When the vertical component of the repulsion from
the single (-) particle is Fneg, the force exerted by the three
particles in the triangular lattice is 3 Fheg. The contribution of the

J. Name., 2013, 00, 1-3 | 5
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electrostatic interactions from particles other than these was
neglected and all particle—particle interactions were assumed to
be the Yukawa type.
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Fig. 9 (a) lllustration of the electrostatic forces acting on the particle in layer
3. (b) Interaction potential for the electrostatic repulsion by the three
particles in layer 1, 3Uheg (d = 1000 nm, Z1 = Zs = -10000). Interaction
potential curves of the particle in layer 3 with various values of Z; for (c) the
same conditions as in (b), and (d) d = 100 nm and Z1 = Z3 = —=100. Ujos is the
potential energy due to the (+) particle in layer 2, and Uiot = 3 Uneg + Upos.
Regions shaded by yellow satisfy 3 Uneg > ks Tand | Uiot| > ks T.

The interaction potential energy of the particles arranged in
a tetrahedron was calculated. d was set to 1000 nm for all
particles and Z; = Z3 = —10000. 3 Uheg and Upos were defined as
the potential energies due to the forces 3Fieg and Fpos,
respectively, and Utot = 3 Uneg + Upos. A plot of 3 Uneg vs. Cs. is
shown in Fig. 9(b). Figure 9(c) shows plots of Utot, 3 Uneg, and U
pos VS. Cs calculated for four different values of Z..

When the particles in layers 1 and 2 exist in an ideal position
for tetrahedral arrangement, the following two conditions must
be satisfied in order for the (-) particle in layer 3 to be located
at the vertex of the tetrahedron: (i) The magnitude of Uiot must
be greater than 1kgT, and (ii) the particle in layer 3 must be
strongly repelled by the three particles in layer 1, that is, Uneg /
ksT > 1. Figure 9(c) shows in yellow the regions where both
conditions (i) and (ii) are satisfied. These are met when C; is
sufficiently low (approximately 15.5 puM), showing a close
correspondence with the experimental condition (20 uM). For
comparison, the results for cases with d = 100 nm in shown in
Fig. 9(d). Here, we chose Zi, Z,, and Zz so that the charge
densities of the particles were equal to those of the case with d
= 1000 nm. Unlike that case, the repulsion from the particles in
layer 1 was strong enough to prevent the adsorption of the (-)

6 | J. Name., 2012, 00, 1-3

particle of layer 3 onto the (+) particle. In particular, for Z; <100,
low C; conditions were rather unfavorable for making a regular
stacking of layer 3.

3.6 Optical properties of the 2D diamond lattices

In this study, we fabricated a 2D diamond-like structure having
three layers using colloidal particles. Here, we theoretically
examined the optical properties of the 2D multilayer structure
and a bulk diamond structure.

It is known that the bulk diamond lattice of colloidal
particles with a sufficiently large refractive index has a perfect
PBG, which allows for light confinement!. The perfect PBG is
formed when the ratio of the refractive index of the particle, np,
to that of the medium is greater than approximately 21. For
example, titania (rutile) particles have n,~ 2.8 in the visible light
region?® and therefore the diamond structure of titania particles
in air has a perfect PBG. We calculated the photonic band
diagram of the bulk diamond lattice by the plane wave
expansion (PWE) method. Calculations were performed using
the commercial software Opti FDTD (Optiwave Systems Inc.,
Ottawa, Canada). Dispersion of dielectric constant?® was taken
into account (Details are shown in SI171). Figure 10(a) shows the
photonic band structure of the 3D bulk diamond crystal of
titania particles with d = 200 nm in air. The crystal had the full
PBG in the frequency region 1.255 pm to 1.334 um-?, which
corresponded to the wavelength region of 750 nm to 797 nm.

Next, the optical properties of multilayered structures were
examined by FDTD calculations. Details of the calculations are
shown in SI2t. When the number of layers N = 4, the cage of the
diamond lattice becomes a closed structure. Thus, 4-layer
structures are often used as the smallest unit of the diamond
lattice®. Calculations were performed for N = 3 and also for N =
4, 8, and 16. The models for the calculations are shown in
Fig.10(b). Light is incident from a direction perpendicular to
each layer ([111] direction). In all cases, lattices of titania
particles of 200 nm in air were assumed. Figure 10(c) shows the
reflection and transmission spectra calculated by the FDTD
method. In Fig. 10(c), we also show the region of the full PBG of
the 3D bulk diamond crystal and that of the PBG when incident
from the [111] direction, i.e., a band gap at L point in Fig. 10(a).
The spectra of the multilayers showed high reflectance (low
transmittance) in the wavelength range of approximately 750-
1000 nm, and it approached that of the bulk PBG with increasing
N. Note that the structure with N = 4 showed about twice the
reflectance of N = 3. As mentioned above, it was shown that the
multilayered structures have the characteristics of photonic
crystals.

This journal is © The Royal Society of Chemistry 20xx
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Fig.10 Calculated optical properties of diamond lattices. (a) The photonic
band structure of the 3D bulk diamond crystal of titania particles with d =
200 nm in air. (b) Models used in the calculations; N is the number of layers.
(c) Calculated reflection (R) and transmission (T) spectra for the 2D diamond
lattices. The full PBG and PBG for incident light in [111] direction are also
shown.

3.7 General discussion on the present methodology

Various ingenious studies have so far been reported on the
construction of colloidal diamond crystals using submicron-
sized particles®3. In these studies, specific interactions are often
introduced by complementary binding of DNA-modified
particles. 3D diamond lattices have also been constructed by
pre-fabricating tetrahedral clusters and exploiting anisotropic
interactions between them®-8.

One of the previous methods utilized colloidal alloys®. In
binary colloids with a specific particle size ratio, a MgCu;
superlattice is formed under appropriate mixing ratios. This
superlattice is an interpenetrated structure of two types of
crystals composed of a diamond lattice and a pyrochlore lattice.
The diamond lattice is obtainable by removing the pyrochlore
lattice from the superlattice. However, since there exist various
crystalline phases other than the MgCu;, structure in binary
colloids and the difference in the free energy of each phase is
not significantly large, it is not always possible to obtain only the
desired structure. Ducrot et al.6 constructed MgCu; superlattice
of particles with d = 600-800 nm and preformed tetrahedral
clusters of particles. The particles and clusters are both
modified with DNA molecules complementary to each other.

This journal is © The Royal Society of Chemistry 20xx
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Selective interparticle attractions resulted in highly ordered
MgCu; superlattice, leading to the formation of polycrystalline
diamond structures with an area of more than 50 um square.

He et al.8 have recently reported a method for fabricating
diamond structures by self-assembly of tetrahedral clusters as
the building blocks, which were synthesized from particles
approximately 1000 nm. Because of the anisotropic interactions
similar to those of carbon atoms, they formed diamond lattices
with excellent regularity and a thickness of 10-20 clusters.

Compared to these previous methods, our approach
presented in this paper employs spherical particles with
isotropic electrostatic interaction and has the advantage of
easily fabricating large-area lattice structures and being
applicable to a variety of materials and particle sizes. However,
the resulted structures are currently limited to 2D, and they are
more irregular than those obtained in the previous studies. As
shown in Fig. 5(a), lattice defects of the crystal exist even in
layer 1. Since these defects also affect the regularity of layers 2
and 3, it is necessary to further improve the crystallinity of layer
1. The possible causes of the crystal defects are as follows: (i)
Before adsorption, particles form non-close-packed polycrystals
due to sedimentation and concentration, and therefore have
lattice defects originating from crystal grain boundaries. (ii)
After adsorption, particles can be desorbed by flow in the
process of washing excess non-adsorbed particles in the cell.
Possible methods to reduce the defects include (i)
unidirectional growth to fabricate a single crystal?? and (ii)
replacement of medium with a flow cell.

One of the challenges for the future is the construction of
the lattice beyond the third layer: when viewed from the normal
direction of each layer, the particles in the fourth layer must be
located in the centre of the equilateral triangle created by the
nearest three particles in layer 1. The electrostatic repulsion
from the (+) particles in layer 2 may need to be strong enough
to create this structure through electrostatic interaction. In this
regard, it has been reported that diamond lattices of oppositely
charged binary colloids are formed only when the Debye
screening length is considerably larger than the particle size1%17;
thus, smaller particles can be more favorable.

In addition to electrostatic interactions, a combination of
other interactions can be useful. For example, depletion
attraction due to soluble polymers, which is unaffected by
particle charge, would be a candidate. We are currently
conducting a detailed study by computer simulation.

4 Conclusions

This study demonstrates that a 2D diamond structure of micron-
sized colloidal particles can be obtained by layer-by-layer
electrostatic self-assembly. By adjusting the volume fraction of
the dispersion and the magnitude of the electrostatic
interactions between the particles, the interparticle distance of
the crystal and the stacking position were controlled. For
photonic applications, a diamond lattice with a higher refractive
index ratio is desirable. The FDTD calculations show that the 2D
diamond structures of titania particles have an absorption band
in the wavelength range corresponding to the PBG of the 3D
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bulk crystal. We are going to work on the fabrication of 2D
diamond structures of particles with a higher refractive index.
The result of the present study is expected to be useful for the
construction of novel 2D photonic materials.
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