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ABSTRACT: Pillar-like structures of nanodiamonds on a
silicon substrate are self-assembled for the first time by a
pulsed spray technique. This technique allows us to deposit
nanodiamond layers by using high quality nanocrystals of 250
nm dispersed in 1,2-dichloroethane (DCE) solvent. The
analysis of 2D/3D confocal and atomic force microscopy
images evidences the presence of self-assembled pillar-like
structures distributed in an irregular way. The proposed
method is simple, easy and cheap, and does not require
complex growth processes or structured materials, ideal for
upscaling toward industrial biochip implementation and
photonic applications. The suggested formation mechanisms of self-assembly are based on the so-called coffee stain effect,
i.e., on the time evolution of DCE evaporation.
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■ INTRODUCTION

The fabrication of nanostructures, structured and aligned
nanoparticles and nanodevices represents an important and
hot topic in the nanotechnology field. Usually, the top-down
and bottom-up approaches are followed to form and engineer
the nanosystems mentioned above. The top-down technology
is widely employed in the micro- and nanoelectronic industry,
and uses e-beam lithography and reactive ion etching methods
to go down to small sizes. Diamond nanowires1 and
nanopillars2 for photonic devices are recent examples of a
top-down nanofabrication starting from single-crystalline
diamond. Contrarily, the bottom-up approach, very commonly
used in the growth of aligned carbon nanotubes (CNTs)3 and
in natural biological systems, consists in the self-assembly of
larger and complex systems starting from single units (atom,
molecule, particle) by using various (grafting and spraying)
methods. The formation of self-assembled structures depends
critically on the physical and chemical environmental
conditions employed. Recently, the self-assembly of octapod-
shaped colloidal nanocrystals has been reported4 and has been
explained to be due to the solvent evaporation from
poly(methyl methacrylate).
Typical examples of self-assembled structures are the

architectures of ZnO nanowires on organized CNT able to
generate photocurrent under UV irradiation,5 and single
spherical gold nanoparticles used as electromagnetic radiators.6

Diamond powders/nanoparticles of various sizes ranging
from a few nanometers to tens of micrometers have been and
are still used to treat the nondiamond substrates in order to
enhance the nucleation process before the growth of thin

diamond films by chemical vapor deposition (CVD) techniques
such as microwave CVD7 or hot filament CVD.8 More recently,
nondiamond substrates such as Si, AlN and sapphire, have been
highly seeded using monodispersed nanodiamond (ND)
particles. Specifically, the modification of nanodiamond surface
makes them negatively or positively charged if annealed in
oxygen or hydrogen, respectively, and allows to strongly affect
the ND-substrate electrostatic interaction from repulsive to
attractive.9 In particular, a native silicon oxide layer (with
negative ζ-potential values) is omnipresent on the silicon wafer,
thus the Si substrate presents a negative surface charge.9

Moreover, in the last years, ND particles have become widely
available at low costs for a variety of synthesis techniques. They
are ideal candidates for a wide range of applications as fillers for
nanocomposites to improve the mechanical properties, in
tribology, in mechanics because the ND particles are used as
polishing material for the surface finish of watch sapphires, hard
disks, etc., and in the biomedical field.10

The large surface area of NDs is suitable for adsorbing
biomolecules. Many different functional groups can be attached
to a ND surface, allowing quite sophisticated surface
functionalizations11 without compromising the properties of
the diamond core. The presence of surface groups open many
chances for the surface modification of ND. For example,
further functionalization of amino groups permits us to graft
DNA pieces on the coated ND particles.10
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The principal requirements for applying NDs in biomedical
fields12 are the stable dispersion in a selected liquid, the lower
toxicity with respect to other carbon nanoparticles, the ability
to attach drug13 and biomolecules, and the high biocompati-
bility and ability to penetrate target tissues and cells.
ND particles are also proposed as a label for bioactive

compounds if they include stable nitrogen/silicon-vacancies
(N-V)/(Si-V) color centers.14−18 These cause nonbleaching
and nonblinking fluorescence in the red, which is a very
important requirement for biolabeling purposes.
The large surface-to-volume ratio endows ND particles with

higher surface reactivity than other forms of carbon, so that
they have many other potential applications as a novel catalyst
in the synthesis of styrene in mild conditions,19 as electrode
modified with a layer of detonation ND in electrochemical
processes despite the insulating nature of nanoparticles.20

Nanodiamond−TiO2 composites can effectively degrade
organic water pollutants by heterogeneous photocatalysis
under ambient conditions. This process will reduce human
impacts on freshwater systems.21

Moreover, researchers have studied other ND properties
such as vacuum emission behavior,22 the surface potential of
diamond and gold NPs locally switched between negative and
positive (via work functions of surrounding materials Si, Au and
Pt).23

Diamond particles ranging from micro- to nanoscale can also
be deposited on substrates using different techniques. Emi and
Iizuka24 produced diamond particles among nickel/copper
particles using CH4/H2 radiofrequency plasmas. Grudinkin et
al.25 fabricated isolated spherical diamond particles “on
synthetic opal” including Si-V color centers by means of
CVD. Wang et al.26 produced ND layers starting from aqueous
solution of NDs by immersing glass substrates step by step.
Homogeneous coatings of different particle types can be

directly deposited by means of a cold spray (CS) technique at
high velocity using a carrier gas. The morphology of the layers
deposited by CS depends on key parameters such as inlet
pressure, temperature,27 powder size,28 particle impacting
velocity29 and substrate angle orientation.30

Recently, a spray technique simpler than CS has been utilized
to obtain layers of multiwall CNTs previously dispersed in a
solvent.31,32

In the present work, the pulsed spray technique was
employed for ND layer fabrication. The evaporation of 1,2-
dichlorethane (DCE) solvent from the ND dispersion sprayed
on silicon substrate is a crucial point for the characteristics of
the final layer. In the present experiments, in order to favor its
evaporation the substrate temperature was set at 120 °C, a
value greater than the boiling temperature of DCE (84 °C).
Further, key parameters, such as the time duration of spray

pulse (ts) and of solvent evaporation (te) and the spray period
(T = ts + te), were fixed to guarantee the repeatability of
fabrication process.
The peculiarity and advantage of the proposed pulsed spray

technique are the formation of ND self-assembly in pillar-like
structures, obtained by the evaporation effect of dispersion
drop. A detailed investigation of these structured ND layers was
performed by Raman and photoluminescence spectroscopy,
and 2D/3D confocal and atomic force microscopies, after the
shape determination of the as-received ND particle. The main
aim of this paper is to understand how the ND self-assembly is
obtained, and to suggest and discuss the formation mechanism
of the pillar-like structures.

■ RESULTS

Topography of a Single ND Particle, Chemical-
Structural Characterization of ND Layers and Suggested
Layout of ND-based Biochip Implementation. The
topography was measured by three-dimensional (3D) atomic
force microscopy (AFM) on an as-received single ND particle,
whereas the chemical-structural composition and impurity
components were determined by Raman and photolumines-
cence (PL) spectroscopy on sprayed ND layers.
The 3D AFM image in Figure 1 shows a defined geometrical

shape of a single 250 nm ND grain. This geometry recalls the
typical truncated octahedral shape of diamond33 as shown in
the inset.

The sharp diamond (sp3 bonded carbon) peak at 1332 cm−1

and the very weak graphite (sp2 bonded carbon) band centered
at 1574 cm−1 of the Raman spectrum,34 shown in Figure 2a,
indicate the high quality of the sprayed ND layer.
The PL spectrum in Figure 2b shows the zero-phonon lines

(ZPL) of N-V0 and N-V− centers peaked at 575 and at 637 nm,
respectively;35 its inset is the zoomed peak of the N-V− color
center. The dominant broad band, on which are overlapped the
Si substrate and diamond peaks, is due to the phonon sideband
of the N-V centers ZPL.
The N-V− line is usually the most studied color center

because of its stable photoluminescence at room temperature.
It is of great interest as a single-atom quantum probe for
nanoscale processes. Recently, some authors36 have studied
theoretically the quantum behavior of a N-V probe in a
complex biological environment. Moreover, the emission
frequency is potentially useful for quantum computation37

and biochip implementations.
Examples of simple biochip on glass and silicon substrates are

depicted in the photos reported in Figure 3a,b, respectively,
where sprayed ND spots are arranged by means of a mask in an
array configuration suitable for bioapplications.10

To use the chip as a biosensor, it is necessary to modify the
diamond surface with hydrogen, oxygen and −NH2 groups,

11

and successively to functionalize11,38 it with proteins, polymers,
DNA and so on. Phenyl linker molecules can be attached
electrochemically on NDs in order to detect the CK20 cancer
(colorectal cancer39) marker for the DNA gene sensor
platform.38 The ND surface functionalization can be performed
by means of 4-nitrophenyl diazonium tetrafluoroborate11,38

after a pretreatment ND hydrogenation process.11

Figure 1. AFM 3D topography image of a single nanodiamond
particle. The dashed lines correspond to crystal edges (the inset shows
the 3D model truncated octahedral crystal).
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ND Layer Analysis by AFM. The morphology of the ND
layers was characterized by means of the AFM technique. A
picture of a sprayed ND layer is shown in Figure 4 and
highlights the typical distribution of fine diamond particles on a
silicon substrate (12 × 12 mm2 size) where a quasi-
homogeneous thick film in the central region, and a thin
noncontinuous layer at the edges of the sample can be
observed. Figure 4 also shows a series of AFM two-dimensional
(2D) 10 × 10 μm2 images acquired following the arrow
direction. Figure 4 includes the AFM 2D topography images (a,
b, c, d, e, f) on the left, and the corresponding 2D phase images
(a′, b′, c′, d′, e′, f′) on the right. The sequence of both images
describes the spatial evolution of the ND layers, moving from
the external edge to the middle of the sample with steps of 1
mm. The morphological analysis has been carried out on the
phase images because of their better contrast. The a′ and b′
images denote the presence of isolated particles or initial
agglomerates of various sizes, whereas the c′, d′ and e′ images
show a coalescence of agglomerates together with a more
extended coverage on the silicon substrate. Finally, the f′ image,
corresponding to the central region of the sample, shows a

quasi-homogeneous ND layer. The surface coverage, evaluated
using the ImageJ software by means of the Fiji tool as a
function of position on the sample surface, varies from 18.4 to
95.8%.
Figure 5a,b shows 3D AFM topography images for two

different areas of the ND layer in which one microcavity is
present. Figure 5a is a zoomed region of Figure 4e′. The 5a′
and 5b′ profiles represent a linear scan along the red lines
(crossing the microcavity) indicated in 3D topography images a
and b. The a′ and b′ scan outcomes reveal two and one vertical
pillar-like structures of ND inside each explored microcavities,
respectively. Specifically, Figures 5a′ and 5b′ show a conical
shape of these pillar-like structures that are (a′) higher and (b′)
lower than the surrounding ND layer. A careful inspection of
the pillars reveals that their diameters are of the order of the
ND grain size (around 250 nm), whereas in Figure 5b′, the

Figure 2. (a) Raman and (b) photoluminescence spectra of a sprayed
ND layer.

Figure 3. Photos of suggested layout of a biochip on (a) glass and (b)
silicon substrates, based on arrays of sprayed ND spots obtained by a
mask. Figure 4. Picture of a sprayed ND layer on p-Si substrate. (a−f) AFM

2D topography images, and (a′−f′) corresponding 2D phase images
on 10 × 10 μm2 area of ND layer. The spatial evolution, with steps of
1 mm, is performed by following the red arrows. The surface coverage
(in %) is reported on the red arrow at each position.
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pillar at the bottom is about 500 nm wide, i.e., two particles
wide.
ND Layer Analysis by Confocal Microscopy. Thanks to

the photoluminescence properties of the ND, the morpho-
logical characterization of the sprayed ND layer was also carried
out by confocal microscopy. This technique permits also to
acquire 3D z-stack images that are obtained by defining an
inferior and superior limit, corresponding to the focusing of the
silicon/ND layer interface and the top of the ND film surface,
respectively.
Obviously, a 3D z-stack image cannot be directly observed,

but it is composed of many images recorded at different z-
sections, which allow us to get spatial information along the
film thickness. Each image of Figure 6a−f represents a slice of a
3D z-stack image along the ND layer thickness, starting from
(a) the silicon/ND layer interface to (f) the top of the ND film
surface. The analysis of these images allows to provide
information on the topography of the ND film at different z-
sections, i.e., to study the evolution of the morphology along
the thickness. Initially, at low z-values, the image luminescence
is low due to the presence of the underlying silicon substrate
uncoated and coated with a very thin ND layer (dark region)
and some emitting ND clusters/agglomerates (Figure 6a), then

the ND agglomerates start to grow generating a noncontinuous
layer with increasing z-value (Figures 6b,c). For the highest z-
value (Figure 6f), the ND layer is continuous, but the thickness
is highly irregular showing mounts and valleys. The pointed out
cavities, i.e., valleys (Figure 6f), correspond to the positions of
the ND clusters formed initially (Figure 6a).
A typical confocal 2D image of the ND layer surface covering

an area of 246 × 246 μm2 is shown in Figure 7a. Similarly to

Figure 6f, the ND layer is continuous but irregular. In
particular, many circles of different size are observed. The
image in Figure 7b evidences better the boundaries of these
circles, which are due to the drying process, i.e., the evaporation
of the dispersion drops sprayed during the deposition process.
Figure 7c,d illustrates the circular boundaries zoomed regions,
A and B of Figure 7b and show the presence of microcavities
along the drop edges or contact line.
The 2D confocal image reported in Figure 8a shows an area

of 27 × 27 μm2 of a quasi-homogeneous ND layer with many
isolated pillar-like ND structures. The processed 3D images in
Figure 8b−g are zoomed regions of Figure 8a, which well
depict the self-assembly of single or many pillar-like structures

Figure 5. (a,b) AFM 3D topography images for two different areas of
the ND layer; (a′,b′) profiles of the scan along the red lines, showing
the presence of two and one pillars, respectively.

Figure 6. (a−f) Confocal microscopy raster scans (52 × 52 μm2) of ND layer. The red arrows indicate the z-position from (a) the substrate/ND
layer interface to (f) the ND layer surface.

Figure 7. (a−d) Typical confocal 2D images of the ND layer surface at
different magnifications.
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inside the microcavities. These measurements confirm the
previous AFM results in Figure 5. A careful observation of the
processed 3D images reveals that the height values of the pillars
are lower, the same or higher than that of the surrounding ND
layer.
The confocal image reported in Figure 9 is of crucial

importance because at the same time is giving information on

morphology in plane (x-y) but also in sections (z-x and z-y).
The upper-left image (16 × 16 μm2 area) of Figure 9 shows the
x-y plane of the 3D z-stack image, one of the frames acquired
during the z-scan. The upper-right and the bottom-left images
of Figure 9 represent the z-x and z-y planes corresponding to
the white vertical and horizontal dashed lines of the x-y plane,
respectively. These planes are obtained from the union of the z-

sections acquired during the scan (Δz = 15 μm), and well
highlight the presence of silicon substrate, bulk ND layer and
pillar-like structures within microcavities of various sizes. In
particular, the z-y plane image well reveals the presence of
isolated pillar-like structures on silicon substrate, in regions
without ND layer (where the droplet evaporation occurs, as
explained in the next section).

■ DISCUSSION
Formation Mechanisms of Self-Assembly Pillar-like

Structures in Sprayed ND Layers. The fundamental
principles of the ND layer deposition by spray technique are
based on the use of ND particle dispersion in DCE solvent that
is blown or driven onto the substrate through the pulsed
ultrasonic atomizer in the form of tiny drops (performed within
the spray pulse of ts = 15 ms), and the solvent evaporation at a
defined temperature during the te = 2s between two pulses, as
reported in the sketches of Figure 10a,b. When the solvent in a
drop of this dispersion evaporates from the silicon substrate
surface, most of the particles are deposited in a ring-like way, as
shown in the optical microscopy image and AFM inset of
Figure 10d. This phenomenon is commonly observed during
the evaporation of a coffee drop and it is known as the coffee
stain effect.40

If the substrate surface is hydrophilic41 with respect to the
solvent or the dispersion, during the entire drying process the
drop edges are pinned to the substrate and an outward flow
(which is a function of the ND density)42 develops in the
liquid. This outward capillary flow drags the ND particles
toward the contact line, leading to the development of a solute
ring on the substrate (see Figure 7b). As the evaporation
proceeds, the particles replenish the edges forming a ring-like
deposit on the substrate. On the contrary, if the substrate
surface is hydrophobic43 with respect to the solvent or the
dispersion, the solute ring does not form because the solvent
flows toward the center of the droplet. Consequently, a uniform
deposition of particles is obtained.
To establish the hydrophilic or hydrophobic behavior,

wettability measurements of DCE dispersion on silicon
substrate and on previously deposited ND layer were carried
out. The contact angles θ resulted 29° (Figure 10c) and 18° in
the first and second case, respectively, denoting a hydrophilic
character. Details of the contact angle measurements are
available in the Supporting Information. The reduction of the
drop height (Figure 10b) during the evaporation is easily
observed and causes a variable contact angle achieving zero
value when the evaporation ends. The entire evaporative
process was filmed and allowed us to follow the evolution of
the drop geometry, the deposit formation and the dynamics of
the particles migration. The side-views images (e.g., Figure 10c)
are used to calculate the contact angle, volume, radius, and
height of the drop at each instant by the use of a homemade
code.
These results explain why, in the present experiments, the

coffee stain effect is dominant. For the DCE solvent
evaporation, a very thin solvent residue is observed, whereas
for the ND dispersion evaporation a thicker layer of particles is
formed. By zooming-in on the ring stain, a nonhomogeneous
particle arrangement is observed in the optical image of Figure
10d. Going from the external to the internal ring stain, there is a
remarkable transition from an ordered (more dense and
compact) to a disordered (random and sparse) arrangement.
This phenomenon has been described by Marin et al.44 as rush-

Figure 8. (a) Confocal 2D image of a quasi-homogeneous ND layer
with many isolated pillar-like ND structures. (b−g) Processed 3D
images of zoomed areas of image a.

Figure 9. 3D z-stack confocal image proving the presence of ND
pillar-like structures. The image in the x-y plane covers an area of 16 ×
16 μm2, the height of z-x and z-y planes is 15 μm.
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hour because the particle velocity was shown to increase
drastically in the last moment of the droplet’s life. Indeed, the
particles that arrive early at low deposition speed form an
ordered structure (inset of Figure 10d), whereas particles that
arrive during the rush-hour have a high speed and form a
disordered phase.
On the basis of the results shown in Figure 6e,f, it is evident

that, although the ND layer is continuous, its thickness is highly
nonuniform exhibiting mounts and valleys. This result is mainly
due to the chaotic nature of the deposition process that consists
in droplets sprayed on the silicon surface, and successive
solvent evaporation for 50 periods (Figure 10a).
Images a and b in Figure 7, relative to areas of a ND thick

layer, also evidence the presence of overlapped ring-like
perimeters of various dimensions, which are representative of
the periphery of drying drops and have different sizes where the
coffee stain mechanism is operative. The big ones can be
formed by coalescence of droplets distributed with high density.
By zooming in the ring perimeter (images c and d in Figure 7),
a structured stain, which is more aligned outside with respect to
the inside region, is clearly observed. Similarly to the
phenomenon shown in Figure 10d, the rush-hour behavior44

is also found at the top of the ND layer surface.
A detailed analysis of the vertical structures is illustrated in

Figures 8 and 9, denoting the presence of self-assembled pillar-
like structures obtained with the last programmed pulse and the
complete evaporation of the DCE solvent. These structures are
formed by ND losses that occur due to the capillary flow
toward the drop edge during the solvent evaporation and
successive pulses. The additional droplets, containing ND
particles, could land in the middle of the microcavities
(generated by the coffee stain effect), and the deposition of
further NDs lengthens the pillars. Additionally, both Figures 8
and 9 show that the self-assembly of pillar-like structure is
formed either on an already deposited ND layer or at the
substrate/ND layer interface. This last was also well observed in

the 3D AFM topography images in Figure 5a,b. On the basis of
the obtained results and formulated hypotheses, a schematic
representation of the self-assembly mechanisms of the pillar-like
structures in ND layers is illustrated in the sketch of Figure 10e.

■ CONCLUSIONS
A pulsed spray technique able to deposit ND layers is presented
and discussed. 2D/3D AFM and confocal images permit us to
observe ND self-assembled pillar-like structures by a deep
investigation of the layer surface. The formation of these
structures has been explained on the basis of the complex
solvent evaporation processes occurring at the temperature of
120 °C. Both images of confocal and atomic force microscopies
have shown the presence of single or multiple pillars in
microcavities of different sizes and shapes. The peculiarity of
these structures could be employed in photonic, biosensing and
bioimaging applications, also thanks to the N-V color centers
observed in the produced ND layer as revealed by the
photoluminescence spectrum. Future investigations will be
focused on the control of the self-assembly processes.

■ MATERIALS AND METHODS
Pulsed Spray Technique. ND layers were produced by means of

the pulsed spray technique, which is a relatively simple approach to
deposit particles onto a substrate by evaporation of a dispersion
droplet. The advantages of this technique are its inherent flexibility and
the possibility of depositing very small amounts of material. A quantity
of 30 mg of natural ND particles (grain size 250 nm, ElementSix) was
dispersed in 30 mL of the apolar solvent 1,2-dichloroethane by
sonication for 30 min by a Bandelin Sonoplus HD2070 system.
Immediately after, the dispersion was sprayed onto a piece of 12 × 12
mm2 p-doped Si substrate (previously cleaned for 5 min in isopropyl
alcohol by ultrasound bath). The setup used for the sprayed dispersion
consisted of an ultrasonic atomizer, a heater and a PC interfaced to the
system. The atomizer was fixed at a constant distance of 18 mm from
the substrates set on a holder heated at 120 °C during the deposition,
to evaporate easily the DCE solvent. The dispersion of fine diamond

Figure 10. (a) Sketch of pulsed spray technique. (b) ND dispersion droplet evaporation. (c) Side view image of a ND dispersion drop. (d) Optical
microscopy image (500×) of a ring stain region, the inset is an AFM image of the external boundary. (e) 3D model for the formation of pillar-like
structures.
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particles was propelled through the nozzle as liquid jet. An acoustic
pulse ejected dispersion droplets from a dispenser. The pulse was
generated piezoelectrically (microsolenoid valve) and controlled via
software. The time duration of the spray pulse was set at ts = 15 ms
and the time between two pulses, the solvent evaporation time (te),
was 2 s. The spray period was T = ts + te. The investigated samples
were obtained with 50 spray periods, see Figure 4. The deposited ND
layers exhibited a good adhesion because van der Waals interactions
closely packed the fine particles, as reported in the Supporting
Information.
The suggested layout of preliminary biochip prototypes illustrated

in Figure 3a,b was obtained by means of a single spray period using a
mask placed directly on the glass/silicon substrates heated at 120 °C.
3D Confocal Microscopy Technique. Confocal fluorescence

scanning was carried out using a Leica TSC SP5 system, which
includes a fluorescence microscope with inverted stand, the confocal
part, the scan head, the laser optics and the computer. The confocal
microscope offered the possibility to select up to eight laser lines: 405
nm (blue diode), 476, 488, 496, 514 nm (argon-ion), 543, 594, 633
nm (helium neon1, helium neon2, helium neon3, respectively). A 488
nm line of an Ar-ion laser was employed to illuminate the ND layer
through a 63x 0.95 numerical aperture (NA) oil immersion objective.
A proper oil drop with a refractive index of n = 1.518 was used to
reduce the spherical aberration. The sample was set on a computer
controller stage equipped with a x-y-z closed loop positioner. The laser
power was set at 20% and the smart gain was tuned in order to
overcome the problem of saturation effect of the image intensity.
The LAS AF software of the Leica TSC SP5 system permitted us to

acquire single images that are a snapshot of data in a single x-y plane.
3D z-stack modality added the third dimension setting the z-values for
the beginning and the end of sampling. Thus, a 3D image projection
was obtained by assembling the series of images at various focal planes.
The 2D and 3D images were acquired observing the fluorescent ND
layer in the wavelength range from 550 to 660 nm, through the filter
RT30/70. The final images were postprocessed by the 3D tool of
Image-J software.
AFM Technique. An NTEGRA Aura scanning probe microscope

(NT-MDT, Zelenograd, Moscow, Russia) was employed, placed on an
antivibrating table to reduce interferences from building vibrations. All
AFM surface images were obtained in ambient conditions and were
acquired in noncontact mode either as topographies, which showed
the height of contours to evaluate the surface topography, or as phase
images that highlight the fine features to provide more information on
sample heterogeneity and to obtain material-properties information.
Topographical AFM images typically are color coded by showing
elevated areas in bright (here bright yellow) and lower areas in dark
(here dark brown). No smoothing has been applied to the images, and
consequently to the profiles. AFM maps were acquired using
commercial, high accuracy noncontact polysilicon probe tips with
high reflectivity golden coating at a resonance frequency of 235 kHz.
To increase the representativeness of the whole sample, five areas of

the surface were scanned for each sample using different spatial
resolutions. A typical scan size area, 10 × 10 μm2, was examined in
further details. Images were then processed and elaborated also as
profiles and 3D topography through the Nova software. Further, the
shape of a single natural 250 nm ND particle was determined by
attaching the powder on a biadhesive tape as the substrate.
Raman Spectroscopy. The Raman and photoluminescence (PL)

spectra were measured at room temperature by means of a Raman
confocal micro spectrometry apparatus (Labram from Jobin−Yvon
Horiba) in the backscattering configuration. The spectra were
determined by photoexciting the ND layer with a 488 nm line of an
Ar-ion laser. Raman signals were obtained by focusing the laser on the
ND layer with a 100× objective, probing a spot size beam of 1 μm.
The Raman signal was sent into a spectrometer equipped with a 1800
grooves/mm grating. The laser output power was set at 4.5 mW, and
the collection time was 1 s. The PL signal was detected by means of a
10× objective focusing the laser beam in 10 μm spot size and using a
spectrometer equipped with 600 grooves/mm grating. The laser
output power was set at 12 mW, and the collection time was 1 s. The

PL signals were then averaged over ten spectra. Both Raman and PL
signals were detected by means of a cooled CCD.

Contact Angle Measurements. The contact angle θ was
measured by a CCD camera. A fast-camcorder connected to the
computer permitted to record images and videos during the drop
casting on the substrate. All video frames were analyzed using a
homemade software based on the droplet contour reconstruction by
B-spline method and the contact angle was measured by the following
equation:

θ = h r2arctan( / ) (1)

where h is the height of the drop and r is the radius of the drop base.
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