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The formation of density-tunable non–close-packed (ncp) monolayers of silica nanospheres via

freeze drying is demonstrated. Monolayers of silica spheres with diameters of 120, 490, and

990 nm are achieved through a single-step freeze dry process. The densities of the spheres can be

tuned by adjusting either the volume fraction of the spheres or the settling time before freezing.

Issues involving defect-formation and defect-reduction are investigated. The experimental

data suggest that this freeze drying method represents an efficient and robust way for achieving

ncp monolayers of nanoparticles. VC 2014 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4895037]

I. INTRODUCTION

Nanosphere lithography (NSL) is a nanopatterning tech-

nique that uses self-assembled monolayers of nanospheres as

a lithographic masking layer, which has been widely studied

and applied in recent years owing to its simplicity and cost-

effectiveness.1–3 The key process of NSL is the formation of

the mask from spherical beads (polystyrene and silica being

the most common materials) that are initially in colloidal

form; this mainly relies on the self-assembly phenomenon

during evaporation of the dispersant.4,5 Till now, several

large-area coating methods have been proposed, such as

dip-coating,6 spin-coating,7 and the Langmuir–Blodgett

method,8 producing hexagonal-close-packed (hcp) nanopat-

terns after self-assembly. However, for applications such as

sensing or surface plasmon resonance, a non–close-packed

(ncp) monolayer is often preferred.9,10 To achieve an ncp

monolayer, post-treatment of an hcp monolayer is the most

commonly adopted approach, including pattern reversal and

sphere shrinkage.11–13 A main disadvantage of these meth-

ods is that the particle density is predefined and limited by

the original hcp monolayer. The difficulty of forming an ncp

monolayer directly arises from the dispersant, which is

deionized (DI) water under most circumstances. During the

drying process, the evaporation of water pulls the spheres

into close-packed arrangements. By dispersing silica spheres

in ethoxylated trimethylolpropane triacrylate monomer

(ETPTA), Jiang et al. proposed a modified spin-coating pro-

cess to achieve an ncp pattern.14,15 However, plasma post-

treatment is required for subsequent removal of the ETPTA.

Lohm€uller et al. solved this problem from a different per-

spective by using sublimation drying (also known as freeze

drying) technology instead of conventional evaporative dry-

ing.16 They reported ncp monolayer formation by surface

charge-directed deposition, followed by a freeze drying pro-

cess to prevent aggregation of the spheres during drying. In

this work, the freeze drying approach for ncp coating is fur-

ther explored; it was found that the coating step can be

naturally integrated into the drying process. A single-step

ncp monolayer coating method is thus developed. Density-

tunable ncp monolayers of silica spheres with diameter rang-

ing from 120 to 990 nm have been obtained.

II. EXPERIMENT

Silica (SiO2) spheres without surface modification sus-

pended in DI water are used in this work. Spheres with

diameters of 990 6 20 nm and 490 6 20 nm are acquired

from Thermo Scientific, while the 120 6 40 nm spheres are

acquired from Bangs Laboratories. The substrates are

metal-organic chemical vapor deposition grown III-nitride

light emitting diode wafers on 2-in. c-plane sapphire sub-

strates. The wafers are ultrasonically cleaned in acetone,

ethanol, and deionized water for 5 min sequentially prior to

coating. The freeze-dry setup consists of a liquid nitrogen-

cooled cryostat with temperature control in the range of

77–550 K.

Schematic diagrams illustrating the freeze drying pro-

cess are shown in Figs. 1(a)–1(d). Samples (5 � 5 mm)

diced from the wafers are placed horizontally onto the

cold finger of the cryostat in a vacuum chamber. Ten

microliters of the sphere suspension is dripped onto the

wafer using a micropipette and smeared to cover the entire

surface, giving a �0.4 mm-thick water layer [Fig. 1(a)].

The wafer is kept still at room temperature and atmos-

pheric ambient for several minutes to let the spheres partly

settle down to the wafer [Fig. 1(b)]. The sample is then

cooled down to 250 K and maintained for 5 min, allowing

the water to totally freeze [Fig. 1(c)]. Up to this stage, the

chamber remains at atmospheric pressure. Subsequently,

the chamber is pumped down to 1 mbar to facilitate subli-

mation, until all the ice has sublimated. With the pumping

maintained, the temperature is gradually raised to just

above room temperature and held for 5 min; this is to

avoid condensation of water vapor onto the substrate dur-

ing venting. Finally, the chamber is vented, and an ncp

monolayer can be observed to be formed on the surface of

the wafer [Fig. 1(d)].a)Electronic mail: hwchoi@hku.hk
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III. RESULTS AND DISCUSSION

A. Coating mechanism

There are two processes resulting in the formation of the

final coating, the first one of which is the deposition of

spheres before freezing, mainly driven by gravity. The other

takes place during the freeze drying process. Ideally, as the

ice sublimates, the remaining spheres are gradually pulled to

the wafer surface. However, experiment results indicate that

due to uneven ice sublimation, spheres further away from

the wafer move not only vertically but also laterally, leading

to the formation of aggregations. This phenomenon is

closely linked to the formation of defects and will be dis-

cussed separately in a later. At this stage, the first deposition

process is analyzed.

Consider spheres without surface charges, whose motion

in water is driven mainly by four forces: buoyancy (FB),

gravity (Fg), drag (Fd), and Brownian (FB). As the drag force

is always a resistance that slows down the motion, the depo-

sition depends on the competition between the three other

forces. Note the densities of the silica spheres are around

2.2 g/cm3. If the Brownian force is relatively small compared

to the other two forces, deposition will be evident. On the

other hand, if it is comparable to the other two forces,

Brownian motion will dominate. To evaluate the deposition

rate as a function of the sphere dimension, the motion of

10 000 silica spheres in a 0.4 mm-thick water layer is simu-

lated. The respective forces applied upon a sphere are

described by the following equations:

FB ¼ gqwV; (1)

where g is the gravitational acceleration, qw the density of

water, and V ¼ 4=3pr3 the volume of the sphere;

Fg ¼ gqsV; (2)

where qs is the density of silica;

Fd ¼ 1=2qwv2CDA; (3)

where v is the velocity, CD the drag coefficient, and A ¼ pr2

the cross-sectional area.

The Brownian force is modeled according to the method

described in Ref. 17

FB ¼ f

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12pkBlTrp

Dt

r
: (4)

Spheres settling on the substrate surface are considered

deposited. Figure 2 plots the simulated number of spheres

deposited onto the substrate versus settling time for spheres

of different sizes.

It is evident that the sedimentation rate is heavily depend-

ent on dimensions. The 990 nm diameter spheres have the

highest initial deposition rates, whereby most of the spheres

adhere to the substrate within 10 min, resulting in a sharp

decrease of the deposition rate in the subsequent period. On

the other hand, the deposition rate for the smaller spheres is

slower but remains nearly constant within the simulated time

range. Based on the results three factors that affect the sedi-

mentation are identified: the settling time before freezing, as

well as the dimensions and concentrations of the spheres.

To verify the predicted deposition behavior based on sim-

ulations, coatings using spheres with diameters of 120, 490,

and 990 nm are fabricated via the proposed freeze drying

method. The corresponding volume fractions of the spheres

are 0.08%, 0.14% and 0.07%, respectively. For each dimen-

sion, three settling times of 0, 10, and 30 min have been

FIG. 1. (Color online) Schematic diagrams depicting the process of the

freeze-dry coating. (a) A drop of sphere suspension is dripped onto the wa-

fer. (b) After settling, the spheres sediment onto the wafer. (c) The water

layer freezes into ice, fixing the locations of spheres. (d) The ice is freeze-

dried, leaving ncp nanospheres on the wafer.

FIG. 2. (Color online) Simulated deposition behavior of spheres of different

diameters.
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tested. SEM images of the respective coatings are shown in

Fig. 3, while the estimated densities are tabulated in Table I.

Based on the data in Table I, the trends of coated sphere

densities as functions of settling time for the 490 and 990 nm

spheres agree well with simulations; the same, however, can-

not be said for the 120 nm spheres. Simulation predicts a

continuous increase of density with increasing settling time,

while experimental data indicate that the density remains

nearly unchanged after 10 min. This is attributed to surface

charge effect, which will be further discussed in Sec. III B.

B. Density control

The factors that control the densities of the coatings are

the same factors that affect the overall deposition process.

By varying the settling time or the initial concentration (by

dilution with DI water) of spheres, monolayers from very

low coverage ratio to almost close-packing can be achieved

for the 490 and 990 nm diameter spheres. However, the same

cannot be achieved for the 120 nm.

The coating of 120 nm spheres, as shown in the FE-SEM

image of Fig. 4, has a sphere density of 2 � 109/cm2, corre-

sponding to a coverage ratio of about 25%. Further increase

of the settling time or concentration only results more

defects being formed, which are mainly agglomerations of

spheres as shown in Fig. 4. The remaining spheres are well-

separated, suggesting of the presence of repulsive forces

between them. It is reasonable for spheres of such small

dimensions to be surface-charged to remain stable in colloi-

dal form, providing repulsive force which also prevents fur-

ther deposition of spheres. As a result, a coating density

limit exists for the 120 nm spheres, which would also be true

for smaller spheres in general.

C. Defect formation and defect-reducing measures

Defects refer to agglomerations of spheres in this context.

There are three possible origins of defect formation: agglom-

erations originally existing in the colloid, agglomerations

formed during coating and agglomerations formed during

storage. The first kind is not within control and thus will not

be discussed further.

The FE-SEM image of Fig. 5 shows large agglomerations

of 120 nm spheres over the substrate (sphere volume fraction

0.08% and settling time 15 min). The highly nonuniform dis-

tribution of agglomerations suggests that some of the spheres

have traveled long distances laterally before gathering into

an agglomeration. This is only possible for spheres far away

(in the vertical direction) from the substrate, because spheres

FIG. 3. Sphere coatings prepared by freeze drying of different diameters and

settling times.

FIG. 4. FE-SEM image showing a 120 nm sphere coating of the maximum

achievable sphere density of 2 � 109/cm2.

FIG. 5. FE-SEM image showing large agglomerations of 120 nm diameter

spheres.

TABLE I. Estimated densities of spheres under different coating conditions.

Diameter (nm) 0 min Settling time 10 min 30 min

990 2.21 � 106/cm2 1.24 � 107/cm2 1.25 � 107/cm2

490 1.99 � 106/cm2 1.62 � 107/cm2 5.27 � 107/cm2

120 3.25 � 108/cm2 1.60 � 109/cm2 1.70 � 109/cm2
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near to the surface do not have the same levels of flexibilities

or travel range before settling on the substrate. This kind of

agglomerations can be effectively removed by three

methods.

First, given that the agglomerated spheres originate far

away from the substrate surface, agglomeration can be

reduced by reducing the number of such spheres. Increasing

the settling time is identified as an effective measure, partic-

ularly for the 490 and 990 nm diameter spheres. As

explained in Sec. III B, the coating density increases with

increasing settling time. Since the total number of spheres is

fixed, the amount of suspended spheres will be reduced if

more spheres are deposited.

The second method is to reduce the maximum distance

between the spheres and the substrate, that is, to thin down

the water layer. If all the spheres are close enough to the sub-

strate, instead of traveling a long distance to aggregate, they

are more likely to be pulled directly to the substrate during

freeze drying. The proposition is verified with the 490 and

990 nm diameter spheres, with volume fractions of 2% and

1%, respectively; the settling time is 0 min. The thickness of

the water layers is estimated at �80 lm, achieved by cover-

ing the substrate with a microslide. The results are compared

with those coated under regular condition, that is, �0.4 mm

of water layer, also with 0 min settling time.

As shown in Fig. 6, large-scale agglomerations can be

effectively eliminated by thinning down the water layer,

offering high-quality coatings with high sphere densities and

low defects, even without settling. For 120 nm diameter

spheres, the thinning down of the water layer can avoid large

agglomerations, but smaller-scale agglomerations are still

present, probably due to the fact that the water layer is still

too thick for spheres of such sizes.

Incidentally, it is also found that adhesion between the

substrate and the agglomerations is weaker than those

between the substrate and the lone spheres. As a result, most

of the agglomerations can be removed with a nitrogen gas

stream without affecting the coating. In fact, the coating

depicted in Fig. 4 represents an example of agglomeration

stripping.

FIG. 6. Confocal microscope images showing freeze dry coating of different conditions. (a) Sphere with 990 nm diameter, 0.07% volume fraction, 0 min set-

tling time. (b) Sphere with 490 nm diameter, 0.14% volume fraction, 0 min settling time. (c) Sphere with 990 nm diameter, 1% volume fraction, 0 min settling

time. (d) Sphere with 490 nm diameter, 2% volume fraction, and 0 min settling time.

FIG. 7. FE-SEM image showing the aggregation of spheres in a high humid-

ity environment.
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Agglomerations can also be formed postcoating. It is

observed that the coating is very sensitive to the relative hu-

midity (RH), especially for the 120 nm diameter coating.

Exposure to RH> 40% for minutes will invariably lead to

the gathering of spheres, as shown in Fig. 7. Therefore, the

coatings must be stored in a dry environment before the next

process step.

Finally, the robustness of this freeze drying coating

method is highlighted. From the FE-SEM image of Fig. 7,

the poor uniformity of the 120 nm diameter spheres is evi-

dent (640 nm). Figures 8(a) and 8(b) show coatings of 120

and 990 nm diameter spheres across a mesa structure with a

step-height of 500 nm. It is observed that the coating quality

is affected neither by the step nor the dimensional nonuni-

formities of the spheres. Note that these two factors are usu-

ally causes of multilayer defects in conventional coating

methods, especially spin-coating.

IV. CONCLUSION

A simple, efficient, and robust way for ncp monolayer

coating of nanospheres based on freeze drying has been

demonstrated. The coating mechanism, density control, and

defect control have discussed. Ncp monolayers of spheres

with diameters ranging from 120 to 990 nm have been

achieved.
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