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ABSTRACT The hierarchical structures are the derivation of various functionalities in the natural s
world and have inspired broad practical applications in chemical systhesis and biological
manipulation. However, traditional top-down fabrication approaches suffered from low complexity.
We propose a laser printing capillary-assisted self-assembly (LPCS) strategy for fabricating regular
periodic structures. Microscale pillars are first produced by the localized femtosecond laser
polymerization and are subsequently self-assembled into periodic hierarchical architectures with
the assistance of controlled capillary force. Moreover, based on anisotropic assemblies of
micropillars, the LPCS method is further developed for the preparation of more complicated and
advanced functional microstructures. Pillars cross section, height, and spatial arrangement can be
tuned to guide capillary force, and diverse assemblies with different configurations are thus achieved. Finally, we developed a strategy for growing micro/
nanoparticles in designed spatial locations through solution-evaporation self-assembly induced by morphology. Due to the high flexibility of LPCS method,
the special arrangements, sizes, and distribution density of the micro/nanoparticles can be controlled readily. Our method will be employed not only to
fabricate anisotropic hierarchical structures but also to design and manufacture organic/inorganic microparticles.
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ontrollable preparation of ordered
C complex micro/nano hierarchical arc-

hitectures in a controlled fashion is
of great importance to current scientific
research and technical implementations.’
Many top-down technologies, such as ultra-
violet (UV) photolithography,? electron
beam lithography (EBL),? focused-ion-beam
(FIB),* were already well established and
have been widely used to fabricate micro/
nanostructures.® These methods can pro-
duce well-designed structures which are
relatively simple. However, in order to
fabricate complex 3D structures, complex
multistep processing should be relied on in
these methods.® Generally, both high com-
plexity and large-area are demanded for
practical applications, and conventional top-
down approaches fail to fulfill these require-
ments because of their limited efficiency and
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long-range ability. Especially, many top-
down approaches rely on complicated
multistep processes when manufacture a
complex structure, which is neither simple
nor economic. Therefore, the bottom-up
approach, which can assemble various
complex microstructures from small solid
components or molecules, has emerged as
a promising tool for large-scale hierarchical
structures preparation.>”

Though much higher efficiency can be
achieved by bottom-up approach compared
with conventional top-down nanomanufac-
turing methods, its regularity and controll-
ability are a little poor. As an ingenious
strategy, the combination of top-down/
bottom-up technologies to realize control-
lable micro/nanostructures has become a
hot topic since it can produce a lot of func-
tional microarchitectures which are difficult
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to obtain by a single technique.’ Until now, a variety
of regular complex 3D microarchitectures, for example,
ZnO flower arrays,'® colloidal sphere spiral chains,"’
polymer microwires,'> and microgripper,’>~"> have
been realized.

Self-assembly can be driven by weak forces, such
as van der Waals forces,'® capillary forces,"” surface
tension,'®'® and internal stress between bilayers.'*?°~23
Among these, capillary force driven self-assembly has
attracted great attention due to many advantages,
for example, low cost, simplicity, and scalability. Many
works have been done on the combination of capillary
force self-assembly and top-down techniques.''’24~28
For example, Pokroy et al.?® reported hierarchical helical
arrays by capillary force assembly of micropillar arrays,
which were fabricated by the two-step soft transfer of a
silicon template prepared by UV lithography and plasma
etching. However, these methods are either high-cost
because of the expensive equipment or labor intensive
and time-consuming due to the multistep patterning
and etching procedure. Wu et al.’ fabricated micropillars
by multibeam interference and assembled them to
3D structures with capillary force. Although multibeam
interference can process large-area structures, the
shape and distribution of micropillars cannot be arbi-
trarily designed/controlled because the interference
patterns are limited, which shows low controllability
and flexibility. Therefore, it is important to develop a
simple and economic method for scalable fabrication
of various complex micro/nanostructures for potential
applications.

In addition, solution-evaporation self-assembly in-
duced by morphology is another artful bottom-up
method to manufacture micro/nanoparticles and lines.3°
However, it is also challenging to control the spatial
position of material growth and deposition from solu-
tion on a surface with bottom-up synthesis of structures
at the nano- and microscale.' To solve this problem,
solution-evaporation self-assembly guided by mor-
phology is a promising approach. Utilizing micropillar
arrays made by lithography which can exhibit super-
hydrophobic property by the following chemical
modification, micro/nanostructures could assemble
at the top of the pillars.3>~3” Adopting this technology,
Su et al. manufactured Nadl, PS, protein and Ag micro-
particles on the flat top surface of micropillars®® as well
as micro/nanolines. 373> Hatton, B. D. grew uniform
CaCO3 nanoparticles at the top of micropillars and
controlled their sizes through concentration of liquid
and time of growth3' Though these methods can
obtain micro/nanoparticles which have relative uniform
size, their dependence of chemical modification will
raise the complexity of experiments as well as the
quantity of equipment.

Laser printing is a flexible and simple technique to
fabricate 3D microstructures.>®*° Qur group proposed
a new strategy that utilize laser printing together with

LAO ET AL

elastocapillary interaction for producing designable
fibrillar assemblies,*® which exhibits great flexibility
and high reliability as the prepared assemblies possess
controllable shapes and stable configurations. Gener-
ally, the cross section of micropillars was designed as
round which formed symmetric force. In this paper, we
further develop this method for preparation of aniso-
tropic hierarchical structures. Here the cross section of
the micropillars is designed to be ellipse in order to
introduce asymmetric capillary forces in latitudinal and
longitudinal directions and thereby guide subsequent
collapse. Moreover, in previous reports, the hierarchical
microstructures were only used to trap/release micro-
particles with different sizes which were determined by
the period of the microstructures. Here, we develop
a new method to grow micro/nanoparticle arrays in
designed spatial position based on the employment of
solution-evaporation self-assembly induced by struc-
tures that assembled by capillary force. The size and
distribution density of the patterning microparticles
arrays are tunable by adjusting the distribution of the
micropillars assemblies or the concentration of the
crystallization mother liquid. Different kinds of micro-
particles arrays, including NaCl, CaCOs, and glucose, are
successfully generated, suggesting that our approach
has good universality. The combination of femtosecond
laser (fs-laser) printing technique and self-assembly
contained capillary-driven self-assembly and solution-
evaporation self-assembly in our approach lead to a
simple, rapid, flexible, facile strategy to prepare micro-
structures and micro/nanoparticles, which will be useful
in many fields such as manufacture of hierarchical
structures, fabrication of micro/nanoparticles, biological
carrier, and chemical catalysis.

RESULTS AND DISCUSSION

Laser Printing of Anisotropic Micropillar Arrays. As sche-
matically shown in Figure 1a, micropillars are readily
fabricated by focusing a femtosecond laser beam
into a photosensitive polymer using an objective lens.
The photopolymer is mounted on a 3D nanotranslation
stage to determine the pillars location and height
as well as their cross section. Figure 1b shows two
different cross section designs: round and ellipse. For
the pillars with round cross section, the capillary force
is isotropic, and direction of collapse depends only on
the spatial distribution. For the pillars with ellipse cross
section, the capillary force exerted on them is aniso-
tropic, which results in directed collapse along short
axis. Scanning electron microscope (SEM) images show
that the axes of the ellipse cross section are 760 nm and
2 um, respectively. The height of the pillars is 7.5 um.

Anisotropic Self-Assembly Driven by Capillary force. The
self-assembled structure is a result of competition
between capillary force (F.) and standing force (F;)
(as shown in Figure 2a). Here we define that a regular
structure consists of two collapsed micropillars as a cell.
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Figure 1. Scheme of capillary force induced self-assembly of laser printed isotropic and anisotropic micropillars.
(a) Micropillars are fabricated by laser printing and subsequently developed in 1-propanol. Asymmetric capillary force will
arise when the liquid surface reaches the tips of micropillars appearing in evaporation process, which leads to collapse of the
micropillars. (b) The cross section of micropillars has two different designs: round or ellipse. When it is round, the capillary
force can only be guided by the distribution of micropillars. For micropillars with ellipse cross section, the force on a single
pillar is asymmetric which leads to the collapse in the direction of short axis. Scale bars: 5 um.
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Figure 2. Controllable LPCS. The self-assembled structures are a result of the competition between capillary force and
standing force of micropillars. (a) The line chart shows the influence of spacing (s) between two pillars processing with 50 and
60 mW, respectively. Inset schematic shows the factors which impact the result of self-assembly: the height (t), thickness (d),
and width (w) of a pillar, the spacing (s) between two pillars in a cell, and the contact angle (6) of liquid and pillars. Right SEM
images show the assembly results of different s varing from 2 to 4 um with top view and tilted view (45°). The height of pillars
in SEM images of (a), whose processing energy is 60 mW, is 7.5 um. Scale bar: 5 um. (b) The comprehensive effect of processing
energy (lateral axis) and micropillars height (vertical axis) on self-assembly when the spacing is 2 um. As shown in (b), the graph
is divided into six regions in which only a suitable combination of laser power and pillars height is able to ensure homogeneous
self-assemblies (region Ill). The right SEM images represent six regions in the graph, respectively, from which we can learn that
uniform self-assemblies cannot be achieved due to inappropriate laser power or pillars height. Scale bar: 10 um.
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Figure 3. Diverse ordered structures prepared by the LPCS approach. (a—h) Different patterns of cells constructed by two
ellipse micropillars, inserts are corresponding schematic diagrams of the design of the micropillars. (i—k) Optical (i),
fluorescence (j), and SEM (k) images of the “USTC 2014” pattern. Scale bar: 10 um.

The distance between two individual cells is designed
two times larger than the internal spacing in a cell, so
that the influence between two cells can be ignored.
Meanwhile, the ellipse cross section is simplified as a
rectangle with side lengths of d and w. As the devel-
oper evaporates to the level of the freestanding tips,
a meniscus is formed between neighboring pillars,
yielding a capillary force along the direction of the
short axis:'

hwy cos 6
.

Fe M
which is proportional to the interfacial tension y of
the solvent, the height h and the width w of pillars, the
cosine of contact angle 6, and inversely proportional
to the spacing s between adjacent pillars, as shown
in Figure 2a. Resistance to the capillary force is the
bending ability of pillars, giving rise to an elastic
restoring force upon contact at their tips:

dPws
h3

Fs~E (2)
where E is the Young's modulus, h is the height of the
pillars, d and w are short and long axis of cross section
of micropillar, respectively, and s is spacing between
adjacent pillars. (More details about the calculation of
Fcand Fs can be seen in Figure S1.) It is obvious that the
elastic force along short axis is much smaller than that
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along long axis owing to the anisotropic cross section
w > d, implying that the pillars will easily bend in the
direction of short axis.

When F. > F, the pillars will collapse and assemblies
will be finally formed. To direct the self-assembly as
desired, it is necessary to finely tune the relationship
between the capillary and elastic forces. As shown in
Figure 2a, the spacing s between two pillars is a critical
factor that impacts collapse. When s is 2 um and h is
7.5 um, almost all pillars will collapse despite the
fabrication power is either 60 mW or 50 mW. But the
success rate reduces to <30% when s is increased
to 3 um. Few pillars can collapse successfully when
s is larger than 4 um. Making s equal to 2 um, we can
get statistic results on yield ratio by adjusting the
height of pillars and power of fs-laser. As shown in
Figure 2b, the graph is divided into six regions in which
only a certain combination of laser power and pillars
height can ensure homogeneous self-assemblies
(region Ill). Otherwise, uniform self-assemblies cannot
be achieved due to inappropriate laser power or pillars
height.

Because of the high flexibility of fs-laser printing,
the spatial position of pillars can be easily controlled
which leads to diverse ordered patterns as shown
in Figure 3a—h (more examples can be found in
Figures S2—S4). Especially, when the aspect ratio of
pillars cross section increases, the difference between
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Figure 4. Application of capillary-force driven self-assembled structures in crystallizing microparticles. (a) Schematic
diagrams of solution-evaporation self-assembly induced by micropillar cells. NaCl micro/nanoparticles grow inside the cells.
(b) Particle array is obtained in this method. (c) NaCl solution evaporates on flat surface, leaving irregular crystals. (d) The size
distribution of NaCl crystal in (c). (e—g) Magnified SEM images of NaCl particles grown in cells. The concentrations of self-
assembly mother solution are 0.5, 2 , and 5 M/L, respectively. (h) The size of crystallized particles increases with the
concentration. It is worth noting that, as shown in (g), the upper part of the micropillars is bent (Figure S9) when concentration
is high enough, suggesting that the further collapsing process is hindered by microparticles crytallized from solution left

between two pillars. Scale bar: (b) 10 um; (c, e, f, g) 2 um.

F. and F; also increases, leading to an easier collapse of
two pillars which can make up a long hollow channel as
shown in Figure 3h. It is a simple method to manufac-
ture hollow channel which may be used in the field of
microfluidic chips.* Figure 3i—k is the optical, fluores-
cence and SEM images of a pattern “USTC 2014",
respectively, demonstrating the favorable designabi-
lity of the laser printing capillary-assisted self-assembly
(LPCS) method.

Controllable Crystallization of NaCl Microparticles by the Self-
Assembled Micropillars Structures. So far, we have shown
that diverse patterns and large-scale structures can
be assembled by anisotropic micropillars with LPCS
method. Next, we will show that these self-assembled
structures can be used to induce solution-evaporation
self-assembly by which micro/nanoparticles and
even microlines can be ultimately produced. Micro/
nanoparticles are a kind of special microstructures that
have a lot of applications in fields ranging from drug
delivery*'*? to chemical catalysis.** Conventional ways
to prepare microscale particles mainly include physical
grinding and chemical reaction generation which
are labor intensive or produce toxic. As a simple and
convenient approach, solution-evaporation self-assembly
induced by microstructure morphology has been
proved to be a promising method thus attracted
more and more attentions.3® But chemical modification
involved in this method increases the complexity
and cost of experiments. Therefore, simpler methods
remain desired for preparation of microparticles. In
our previous work, capillary-assisted self-assembled
structures are used only as tools to trap and release
micro-objects. Here we further develop them in
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growing microparticles combined with solution-eva-
poration self-assembly.

The controllable growth procedure of NaCl micro-
particles is sketched in Figure 4a. Assembled pillars
without any chemical modification will unfold when NaCl
solution and 1-propanol (solution: 1-propanol = 1:1) are
dropped on them. As solvent evaporates, the contact
line of the droplet shrinks, leaving some liquid only
between two pillars of a cell. At the same time, the NaCl
concentration becomes more and more high, finally
leading to crystallization. As solution continues to
evaporate, pillars are assembled once again into or-
dered structures with NaCl microparticles grown in the
cells. As shown in Figure 4b, there are self-assembled
particles in almost every cell, demonstrating good
reliability of this method (Figures S5—S6). In compar-
ison, solution-evaporation self-assembly on flat surface
is also performed with the same condition. NaCl crystal
grows on flat surface (Figure 4c) whose size distribution
is counted in Figure 4d. It can be seen that crystal grown
on flat surface is disorderly and irregular.

In this microstructure induced self-assembly method,
the size of particles depends on the concentration of
mother solution, parameters of solute, and the solution
volume left in each cell. From the SEM images, we can
find that the shapes of particles growing in cells are not
standard spherical. So, the size of the particles is difficult
to measure precisely because of their irregular shape.
However, due to the surface tension induced by solvent
evaporation, the shape of most particles is approximate
to round or elliptical (Figure S5c). Therefore, in order
to simplify the measurement, we estimate the size of
particles by measuring the diameter in top-view SEM
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Figure 5. Different patterned crystal arrays in micropillar cells. The internal pillar spacings in cells are all 2.5 um while the cell
periods are 5 um (a, d), 7.5 um (c, e), 10 um (d, f), respectively. The concentrations of the crystallization mother solution are
all 0.5 M/L. (g) The sizes of NaCl microparticles generated in pillar cells with different periods and (h) is the ratio of NaCl
microparticles growing successfully in cells with different periods. Several crystallization-dissolution cycles are performed
and the dependence of microparticles size and ratio of success are shown in (i) and (j). Scale bar: (a, b, ¢) 5 um; (d, e, f) 1 um.

images. So, to better discuss the factors that affect the
size of particles, the size of particles can be expressed as
the following equation:
VIMM,
P

X 3)
where V is the volume of liquid leaving in cells; M is
the concentration of mother solution; M, and p are the
relative molecular mass and density of solute, respec-
tively. (More can be seen in Figure S7.) The concentra-
tion of NaCl solution is tuned from 0.5 to 5 M/L to study
the relationship between the size of microparticles
and the concentration of mother liquid. As shown in
Figure 4e—g, the particles size become bigger with the
increasing concentration. From Figure 4h we can learn
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that the size of particles grown on microstructured
surface is much more uniform than that grown on flat
surface. It is worth mentioning that different from the
assemblies without crystallized particles, only the tip of
two pillars collapse to touch each other at higher con-
centration (>5 M/L) because self-assembled particles
hamper the pillars collapsing (Figure S8).

Distribution Density of Micropillar Cells and Dissolve-Evapo-
rate Cycde. In addition to changing concentration of
mother solution, we also attempt to tailor the particles
size by adjusting distribution of micropillars. From eq 3,
we can learn that the volume of liquid leaving in the
cells is another crucial factor that determines the size
of microparticles. The volume of leaving liquid mainly
depends on s and w of pillars which can be conveniently
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Figure 6. CaCOj3 and glucose microparticles are grown in structures induced by solution-evaporation self-assembly method.
(a, b) After CaCO3 and glucose solutions evaporating on flat surface, CaCOs crystal (a) and glucose membrane (b, black dotted
area) are left. (c, d) CaCO3 and glucose microparticles are grown inside the cells. (e, f) The sizes of CaCO; and glucose particles

grown on flat/micropillars surface.

tuned in LPCS. However, changing the spacing and
width of pillars may cause unexpected failure of assem-
blies. As shown in Figure 2a, the ratio of success of
capillary force driven self-assembly rapidly decreases
when s is larger than 2 um. An interesting phenomenon
we observed is that microparticles tend to grow in cells
which assembled successfully rather than those did not
collapse (Figure S9). Therefore, we define the density
of cells that the number of two-pillars per area which
is inversely proportional to the period of cells. During
shrinking process of the microdroplet on substrate,
solution leaves around pillars as well as inside the two
pillars in a cell. Therefore, we investigate the dependence
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of the particles size on the cell density. Figure 5a—f shows
SEM images of particles growing in cells with distribu-
tion spacing changing of 5, 7.5, and 10 um. Figure 5g
exhibits that particles size increases along with the
micropillars period. We define a factor R as the ratio
of the number of pillar cells which generate crystallized
particles to that of total number. Figure 5h shows the
dependence of R on the micropillars period, suggesting
that the ratio of success increases slightly with the
micropillars period. Interestingly, by adjusting the dis-
tance between cells and the concentration of mother
solution, NaCl microlines can be gained on microstruc-
ture surface (Figure S10). On the whole, growing
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microparticles by structure induced solution-evaporation
self-assembly is a method of high reliability.

Furthermore, particles can be dissolved and washed
away by adding solution that can dissolve the micro-
particles. Then, a series of crystallization-dissolution
cyclic experiments are taken. Figure 5i,j presents the
sizes of generated particles and success rates of grow-
ing in different cycles. Figure 5 shows that a growth
trend corresponding to the increase of the period and
the relationship between success and period is not
significant. Moreover, by adding solution that cannot
dissolve particles, the assembled pillars will open,
and the microparticles can be thus washed away
(Figure S11).

(a0; and Glucose Particles Growing in Cells. We have
demonstrated that capillary driven self-assembly struc-
tures can be utilized to induce solution-evaporation
self-assembly of uniform microscale NaCl particles.
Next, we further show that our method for producing
particles is applicative for not only soluble materials
but also others with poor water-solubility, regardless
of organic or inorganic.

Because of their excellent biocompatibility and
biodegradability, CaCO3 particles have been investi-
gated as vessels for drug capture and release3'**
However, there are few approaches to control spatial
position of CaCO5 growth and deposition from solution
on surface. Though a method by which CaCOs can grow
on the tip of post from solution has been proposed by
Hatton, B. D. and Aizenberg, J., it also requires multistep
lithography and complex chemical modification. More-
over, glucose is an intermediate product of metabolism
and main energy source of living cells which can be
directly absorbed and used to supplement the heat of
body. Therefore, glucose microparticles may be widely
used in the field of cell culture chips.

Based on the microstructure induced solution-
evaporation self-assembly, CaCO3 and glucose micro-
particles can be conveniently manufactured, as shown
in Figure 6a—d. There are irregular CaCOs crystals and
glucose film left rather than microparticles after solu-
tion evaporates on flat surface. It should be noted that
the glucose particles will swell under irradiation of
electron beam of SEM (Figure 6d, 5 keV). CaCO3 and

EXPERIMENTAL SECTION

LPCS Fabrication of Micropillar Arrays. To produce micropillar
arrays, we employ a typical femtosecond laser direct writing
system, in which a Tiisapphire laser oscillator (Chameleon
vision-S, Coherent) is used as the light source, whose repetition
rate is 80 MHz with a pulse duration of 75 fs. The fs-laser in
processing working at a central wavelength of 800 nm. A 50x
objective (Olympus, NA = 0.8) is used to focus the laser beam
inside the photoresist. A commercially available zirconium-
silicon hybrid sol—gel material is used for photopolymeriza-
tion (522080, provided by IESL-FORTH, Greece). The detailed
information about two photon polymerization can be seen
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glucose particle sizes in Figure 6a—d were counted in
Figure 6e, f, respectively, from which we can see that
the sizes of particles on micropillars surface are uni-
form, while those on flat surface are decentral. An
interesting phenomenon worth mentioning is that
glucose microlines can be generated on micropillar
structured surface when the concentration of glucose
solution increased (Figure S12). And when con-
centration is extremely high, glucose film will also be
produced on micropillar surface. We believe that
the simplicity, convenience, and universality of our
method will make it a competitive candidate for micro-
particles preparation.

CONCLUSION

In summary, we have demonstrated a new method
for realizing hierarchical periodic microstructures which
combines fs-laser printing anisotropic pillars with capil-
lary force driven self-assembly. The cross section of
micropillar is designed to be anisotropic ellipse to direct
the capillary force and the subsequent collapse. Various
microarchitectures are designed and constructed by
tuning competition through spatial arrangements and
pillar heights, respectively. Complicated assemblies can
be achieved due to the high flexibility of this method.
Comparing with other conventional approaches such as
UV photolithography,>?* electron beam lithography,®**
multibeam interference,® and template replicating,*
this top-down/bottom-up hybrid strategy for preparing
hierarchical structures features simplicity, scalability,
and high flexibility. Moreover, the assembled cells can
be used to induce solution-evaporation self-assembly
of a variety of microparticles. The distribution density of
the micropillar arrays or the concentration of the crystal-
lization mother liquid is tunable in order to finely control
the size of self-assemblied microparticles. NaCl, CaCOs,
and glucose microparticles are gained between micro-
pillars, suggesting this method is universal. This method
which combined fs-laser printing with capillary force
and solution-evaporation self-assembly technology
opens a new gallery to fabricate novel 3D microstruc-
tures and micro/nanoparticles of different materials and
may find numerous applications in the communities of
chemistry, biomedicine, and microfluidic engineering.

elsewhere.**~*® The principal advantage of this material in
comparison to other photoresists is the negligible shrinkage
during structuring. After polymerization, the sample is devel-
oped in 1-propanol for 40 min until all the unpolymerized parts
are washed away. After extracting from 1-propanol, the micro-
pillars array will self-assemble into highly ordered structures
with the aid of accompanying capillary force during the sub-
sequent evaporation of the liquid layer left on the sample
surface.

Sample Characterization. The structures of the pillar-structured
silicon substrates and patterning unit arrays were investigated
using SEM (FEl, Sirion 200) at an accelerating voltage of 5.0, 10.0,
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or 15.0 kV. A Leica fluorescence microscopy (LEICA DMI3000 B)
was employed to get the optical and fluorescent images.

Solution-Evaporation Self-Assembly. The self-assembly mother
liquids is prepared by dissolving the aimed material in aqueous
solutions in a beaker. The concentration of NaCl solutions is
0.5/2/5 mol/L, respectively, to tailor the size of the crystals. In a
typical patterning crystal-array fabrication process, a NaCl solu-
tion droplet (approximately 2 ul) is dropped onto micropillar
arrays, forming a crescent shape on the slide. Then, a 1-propanol
(about 2 uL) droplet is dropped to make the solution spreading
on the slide. The environment condition is kept 23 £+ 1 °C
in 45 + 5% relative humidity. Some solution will be left in
the self-assembled microunit during the shrinking of edge of
the droplet when it evaporates. Owing to the evaporation of
solution, microcrystals grow between two micropillars of a cell.
CaCOs solution is prepared by dissolving excessive CaCOs3 in
deionized water at 23 °C. Common edible glucose is dissolved
in deionized water, whose concentration is about 20 mM/L. The
glucose crystals grow between micropillars and expand to
spherical when irradiated by 5 kV electron beam of SEM.
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