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ABSTRACT: Control of the wetting property of diamond surface has
been a challenge because of its maximal hardness and good chemical
inertness. In this work, the micro/nanoarray structures etched into
diamond film surfaces by a maskless plasma method are shown to fix a
surface’s wettability characteristics, and this means that the change in
morphology is able to modulate the wettability of a diamond film from
weakly hydrophilic to either superhydrophilic or superhydrophobic. It can
be seen that the etched diamond surface with a mushroom-shaped array is
superhydrophobic following the Cassie mode, whereas the etched surface
with nanocone arrays is superhydrophilic in accordance with the
hemiwicking mechnism. In addition, the difference in cone densities of
superhydrophilic nanocone surfaces has a significant effect on water
spreading, which is mainly derived from different driving forces. This low-
cost and convenient means of altering the wetting properties of diamond
surfaces can be further applied to underlying wetting phenomena and expand the applications of diamond in various fields.

1. INTRODUCTION

The wetting behavior of diamond surfaces has been a subject of
great concern in recent years because of the wetting behavior’s
critical role in biofunctional applications, and thus conditioning
a diamond surface to a particular wettable behavior in the range
between superhydrophilic and superhydrophobic has become a
prominent aim in recent research. However, owing to the
maximal hardness and chemical inertness of diamond, it is
difficult to change the wetting properties of its surface by
introducing either roughness or chemical decoration, though
these are the main methods that have been attempted.
Control of the wetting property of a diamond surface has

been a key issue in its biosensing and biofunctionalization
applications ever since this material was discovered to be
perfectly biocompatible.1−5 Many efforts have been made to
modulate the superwettability of the diamond surface, over-
coming its initial weak hydrophilicity to achieve either
superhydrophilicity (e.g., apparent contact angle (CA) almost
0°)6 or superhydrophobicity (e.g., apparent CA above 150° and
low CA hysteresis)7 for various objectives.8−24 Most attempts
follow one of two general strategies. One strategy is to change
the surface energy chemically, e.g., in hydrogen-terminated
diamond, oxidized diamond,9,10 perfluorooctyl functional
diamond,18 and ion implanted diamond,19 which certainly can
improve the wetting properties of the diamond surface to some
extent, if only for a short time. However, such chemical
methods hardly satisfy common application requirements for
sustained and long-term functioning of the thin diamond film
surface, especially under the influence of fluid media in
biosensor applications.14 The other common strategy is to

rough up the diamond surface, usually by plasma etching. In
this way, diamond can be tuned to be superhydrophilic when
micro/nanoconical or needlelike arrays are formed on the
diamond surface by maskless technology12 or superhydropho-
bic when microscale nail-shaped structures are fabricated with
an inverse template15 or lithography,16 though such processing
is complex.17 It is worth noting that roughness-induced
superwettability is more stable than the superwettability
induced by chemical modifications. In particular, maskless
etching appears to be somewhat more practical than the other
methods commonly discussed because of its low cost and
convenience. Nevertheless, to the best of our knowledge, no
one has reported making a diamond surface superhydrophobic
by means of maskless etching. Low-cost, convenient fabrication
of a robust superhydrophobic diamond surface is still a real
challenge. In addition to superhydrophobicity, superhydrophi-
licity has been a hot research subject for some time in surface
science and engineering. Such surfaces have their own
potentially useful features such as ultrafast drying, antifogging,
and self-cleaning.25,26 Applications in heat transfer27 and
biomolecular immobilization28 have also been reported.
Generally, the superhydrophilicity of a surface is defined by
the fact that the apparent contact angle is zero, on which the
water can easily invade the roughness and spreads com-
pletely.29,30 And the temporal evolution of water droplet’s
shape on a superhydrophilic surface has drawn much scientific
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interest, especially regarding how the morphology of micro-
structures on the surface affect such a process.2,14,19

In this work, we give the first report of a simple way to
fabricate a superwettable surface on a diamond film using
maskless plasma etching. In this process, the plasma density and
intensity are controlled to reshape the micro/nanoscale
morphology of the diamond film’s surface. In one interesting
result of our plasma etching experiments, a superhydrophobic
diamond surface with mushroom-shaped microstructures was
formed via low-intensity plasma etching. In addition, by high-
intensity plasma etching, a series of superhydrophilic diamond
film samples were etched, leaving nanocone arrays of different
densities and cone shapes on their surfaces. The nanocones’
dimensions and their array density both affect the spreading
process of a water droplet on such a superhydrophilic diamond
surface, as will be discussed here in detail. Thus, we provide an
all-purpose maskless plasma etching method for fabricating a
range of diamond surface morphologies that fix the surface’s
wettability behavior anywhere in the range from super-
hydrophilic to superhydrophobic. The mechanism by which
these morphologies affect the wettability is analyzed in detail. In
addition, in the superhydrophilic samples, the spreading
velocity of a water droplet on densely arrayed, sharp nanocones
is about 2 orders of magnitude faster than on less dense, blunter
nanocones, and that effect should be considered when
analyzing hydrophilic wetting in general.

2. EXPERIMENTAL SECTION
Fabrication of the Micro/Nanostructure in the Diamond

Film Surface. In a double-bias-assisted HFCVD system shown in
Figure 1, a mixed gas of CH4 and H2 with a CH4 concentration of

2.0% was introduced into the chamber; the working pressure was 4000
Pa, and the tantalum filament was heated to about 2000 °C. A 3 cm
molybdenum grid electrode was constructed 1 cm above the planar
tantalum filament, and a positive bias relative to the filament was
applied to the grid; then a negative bias was applied between the
sample and filament, which were about 0.9 cm apart. For the
fabrication of nanocone structures, a high grid bias of 30 V with a bias
current of 30−70 A and a relatively high sample bias of 100 V with a
bias current above 150 mA were applied for 5 min. Figure 6a−c
corresponds to diamond nanocone arrays with different densities,
which are fabricated by using the same high grid bias of 30 V with
different bias currents of 70, 50, and 30 A and applying a high sample
bias of 100 V with a consistent bias current of 150 mA. In addition, the

mushroom microstructures are formed under a low grid bias of 5 V
with a bias current above 5 A and a low sample bias of 11 V with a bias
current of 20 mA for 2 h. During the etching process, the substrate
temperature is kept at about 900 °C. In addition, the polished
diamond films are prepared by mechanical polishing of the original
diamond film, which are used for comparison.

Characterization and Wetting-Property Measurements. The
morphology, structure, and chemical bond state of the samples were
characterized by scanning electron microscopy (SEM) images and
Raman spectra. The static contact angles (CAs) and the spreading
behavior of water droplets loaded onto these etched diamond
structures were measured in real time using a KRUSS DSA contact
angle goniometer.

3. RESULTS AND DISCUSSION

Fabrication and Characterization. Morphology-based
conditioning of the wettability of a diamond film surface is
accomplished by selective plasma etching using a specially
made double-bias-assisted hot filament chemical vapor
deposition (HFCVD) system, shown in Figure 1. (For details
and conditions, see the Experimental Section.) In this etching
system, ordinary CH4 and H2 are mixed as the etching gas, but
the system has a dual-bias-assisted configuration, unlike
common HFCVD equipment. Two plasma regions are
generated by the dual bias in this etching system: a grid-
electrode region and a sample region, as shown in Figure 1. In
the grid-electrode region, the plasma can be easily generated by
hot electrons emitted from the filament and accelerated by a
positive bias. The ions and reactive species in this plasma region
can be induced by a negative bias to relocate in the sample
region so that plasma can be generated in the sample region
and etch a new morphology in the diamond surface for the
purpose of tuning the material’s wettability. When such a
method is used, the plasma density can be readily controlled by
the grid-electrode’s bias while the plasma intensity for etching
the diamond can also be easily adjusted by the sample’s
bias.31,32

Figure 2a shows SEM images of an unetched polycrystalline
diamond film with a rough surface and a large grain size. After a
controlled etching process, two typical micromorphologies with
respective micro/nanostructures on diamond film surfaces are
achieved, as shown in Figure 2b,c. Figure 2b shows a high-
density array of nanocone diamond structures distributed
uniformly over the diamond surface, which is a very popular
nanostructure with multiple functional properties. Furthermore,
novel mushroomlike microstructures of diamond in forestlike
arrays were also fabricated on the surfaces of diamond films,
with each mushroom having a large cap from 10 μm to several
tens of micrometers in size. The great difference between these
two diamond structures is attributable to the plasma intensity
during the etching process. Figure 2d shows Raman spectra of
the diamond surface before and after plasma etching, indicating
that the etching process has not damaged the intrinsic
properties of the diamond film. A characteristic peak of
diamond at 1332 cm−1 is weakened after the etching process,
and two new peaks appear at about 1080 and 1610 cm−1,
assigned to sp2-rich amorphous carbon. The above Raman
results indicate that the surface chemical state of the unetched
diamond film may be different from that of the etched diamond
film, but the surface chemical state of the as-etched mushroom-
shaped array surface should be similar to that of the as-ethced
nanocone array surface as a result of the same etching process
for an original diamond film. Here we mainly focus on the

Figure 1. Schematic of the apparatus used to modulate the
morphology of the diamond surface. The inset is a real plasma
photograph of the grid-electrode region and substrate region.
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wettability modulation by physical morphology for similar
surface chemical states.
The fabrication of these two kinds of diamond structures is

achieved by control of the plasma intensity and energy
distribution. Figure 3 shows a schematic for fabricating the
two structures. Upon applying a high grid bias of 30 V with a
bias current above 30 A and a relatively high sample bias of 100
V with a bias current above 150 mA, there is high-density
plasma in the grid region and high-intensity plasma in the
sample zone. In etching-plasma devices configured this way, the
ions and reactive species can etch the diamond surface
homogeneously. As a result, during 5 min of etching, the
nanocone array structure forms uniformly on the diamond

surface, as schematically shown in Figure 3a,b. However, by
applying a low grid bias of 5 V with current above 5 A and a low
sample bias of 11 V with a current of 20 mA, under the same
experimental conditions, the intensity of the downward plasma
flow is not able to break the carbon sp3 bonds of the diamond
surface but it can damage the interfaces of diamond crystal
grains where carbon sp2 bonds are plentiful.15−18,33 And thus,
this low-intensity plasma etching selectively etches polycrystal-
line diamond surfaces. Consequently, after keeping up such a
selective etching process for about 2 to 3 h, we found that a
roughly uniform array of mushroom-shaped microstructures
forms on the diamond surface, as displayed schematically in
Figure 3c,d. So the difference between the grain boundary

Figure 2. SEM images of the diamond surface: (a) the polycrystalline diamond surface used as a substrate, (b) the nanocone diamond structures,
with an inset showing the details of the nanocones, and (c) the mushroom-shaped structures, with an inset showing the details of mushroom-shaped
structures. (d) Raman spectra of the diamond film substrate before and after plasma etching.

Figure 3. Schematic of the formation of diamond structures: (a) homogeneous etching of the polycrystalline diamond surface; (b) formation of
nanocone diamond array structures; (c) selective etching of the polycrystalline diamond surface; and (d) formation of the arrayed mushroom-shaped
diamond structures.
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energy and surface energy, together with successful control of
the density and intensity of the plasma in our apparatus,
provided a method for selectively etching the diamond to form
various micro/nanostructures.
Wettability and Mechanism. Before we discuss the

wetting property of a modified diamond film, it is necessary
to know the wetting property of a smooth diamond surface.
Figure 4 shows the morphology and wetting property of the
polished polycrystalline diamond film, similar to a natural
diamond surface. Though some defects coming from the CVD
growth of diamond, the polished diamond film still exhibits a
rather smooth surface as shown in Figure 4a, demonstrated by
the AFM scanning image with an rms roughness of ∼0.79 nm,
as shown in Figure 4b. Figure 4c gives the static CA of a water
droplet of about 64° on the polished diamond surface with
advancing and receding contact angles of 70 and 46°, which is
close to an intrinsic CA on a natural diamond surface.
Figure 5 shows the tuned wetting property of the structured

diamond surface and the schematic wetting mechanism. On the
left, Figure 5a,c,e displays the static CAs of the unprocessed
polycrystalline diamond surface (θp ≈ 54°), the microscale

mushroom-shaped array surface (θm ≈ 153°), and nanocone
array surface (θn ≈ 0°), respectively. It can be seen that the
unprocessed diamond is weakly hydrophilic and that the etched
surface with a mushroom-shaped array is superhydrophobic,
whereas the etched surface with nanocone arrays is super-
hydrophilic. Thus, by using this maskless etching method, we
can set the wetting property of a diamond surface at one of any
number of points between superhydrophilic and super-
hydrophobic by determining its morphology. Besides, Figure
5g shows the process of the water droplet rolling away from the
microscale mushroom-shaped array surface after sliding on the
surface about 3°, indirectly demonstrating low contact angle
hysteresis with advancing and receding contact angles of 159
and 145°.
Figure 5b,d,f shows the schematic of the mechanism behind

such phenomena, corresponding to Figure 5a,c,e, respectively.
The wetting mechanism of the unprocessed diamond surface in
Figure 5b is obviously easy to understand because it is similar to
the wetting state on a flat plane, but for mushroom-shaped
microstructure and the nanocone structure of diamond, their

Figure 4. SEM and AFM images of the polished diamond surface and its wetting property: (a) SEM image with a scale bar of 5 μm, (b) AFM image,
and (c) static CA of water on the polished diamond surface with a scale bar of 1 mm.

Figure 5. Static CAs of water on diamond surfaces and schematic of the wetting mechanism: (a, b) for polycrystalline diamond, (c, d) for
mushroom-shaped structures, and (e, f) for a nanocone array. (g) Rolling process of a water droplet on mushroom-shaped structures. The scale bar is
1 mm.
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wetting mechanisms are relatively complex in contrast to that
for the unprocessed diamond surface.
First, we discuss the superhydrophobic property of the

mushroom-shaped microstructure arrays on the diamond
surface. As pointed out in many previous papers, the defects’
(e.g., the edges of such microstructures) pining effect on the
three-phase line can lead to a high energy barrier for water
invading these gaps between such mushroom- or umbrella-
shaped microstructures.34−39 Figure 5d displays how the edge
of a mushroom structure affects the water behavior. As the
contact line reaches the edge, the contact line is pinned at the
edge because of the boundary minimum of the free energy. At
this monent, the apparent contact angle θm exceeds the intrinsic
contact angle and grows with increasing droplet volume or
water level. When the apparent contact angle reaches the
critical angle, which depends on the solid edge angle θs, water
extends over the edge and the contact line advances along the
new surface at its intrinsic contact angle θi.

40,41 With a structure
edge angle (θs) of about 50°, the possible angle θm of water can
be in the range from θi to π − θs + θi.

42 Thus, the edges can
prevent the three-phase line from moving forward and then can
impede the water penetrating the gaps between micro-
structures. If such a condition is satisfied, then there is an air
cushion that is formed under a water droplet on such a surface;
consequently, a Cassie mode or a mode mixed with a Cassie
and Wenzel mode will be formed. According to the Cassie
formula,43

θ φ θ φ= + −cos cos 1s i s (1)

where θ is the apparent CA of the water on the rough surface, θi
is the intrinsic CA of water on the smooth surface, and φs is the
fraction of the solid in contact with the water. Here, for the
diamond surface, an intrinsic CA can be obtained from the
polished diamond surface as shown in Figure 4, and thus θi ≈
64°. By eq 1, the fraction of solid in contact with the water, φs,

is about 0.076 by using θi ≈ 64° and θm ≈ 153°. In other words,
the Cassie mode is formed on the diamond surface with the
mushroom microstructure arrays. Besides, such a small fraction
of solid in contact with the water can easily lead to the water
droplet rolling away under an external force such as the gravity
or wind flow when the inequation is satisfied as follows36
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where is the radius of the water droplet is R and the capillary
length is κ−1 = (γ/ρg)1/2 (2.7 mm for water). For our samples,
R is about 1.1 mm and φs is about 0.076, and then the results of
the left and right parts of the inequation can be calculated to be
0.023 and 0.166, respectively. Thus, the mushroom-shaped
microstructure surface can satisfy eq 2, which also leads to the
experimental results shown in Figure 5g. From above analysis,
we can understand the mechanisms in which the diamond
surface with mushroom-shaped structure arrays displays
superhydrophobicity.
Second, we analyze the superhydrophilic properties derived

from the cone nanostructure arrays on the diamond surface.
The superhydrophilic phenomenon is usually accompanied by
another important phenomenon, hemiwicking, which describes
a process in which water spontaneously penetrates these gaps
between such micro/nanostructures under the capillary force
and the viscous resist force.2,19,36 The criterion of hemiwicking
can be written as follows:36

φ
φ

θ θ
γ γ

γ
−
−

= < =
−

r

1
cos coss

s
c i

sv sl

lv (3)

where γsl, γsv, and γlv are the solid/liquid, solid/vapor, and
liquid/vapor interface energies, respectively. Parameter r stands
for surface roughness. When θc > θi, hemiwicking occurs. For
our superhydrophilic samples, φs is not uniform along the

Figure 6. SEM images of diamond surfaces with different densities and profiles of nanocone arrays: (a) high density and sharp tip, (b) moderate
density and moderate cone tip, (c) low density and blunt cone tip. The red arrows point to the process of water evolution on the corresponding
surface.
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normal direction of the surface because of the slide profiles of
the cone structure, which is an variable and different from the
situation of the micropillar arrays.36 There are two extreme
conditions when the water penetrates the cone structures with
the water film thickness, as shown in Figure 5f. One is that at
the bottom of these valleys, the value of φs is almost equal to 1
as the width of gap (w) tends to zero, and then the value of θc is
about 90°, which is larger than the intrinsic CA, θi. At this time,
the hemiwicking condition is satisfied and hence the water can
penetrate the bottom of valleys. Inversely, another is that at the
top of the cone array, the value of φs is almost equal to zero,
and then the value of θc depends only on the roughness (cos θc
= 1/r). In addition to the above two extreme conditions, the φs
is actually a function of the water layer height from the bottom
of valleys, and more details need to be discussed below.
Effect of Different Nanocone Densities on Super-

hydrophilic Behavior. To seek a clear and comprehensive
understanding of the superhydrophilicity of the diamond
nanocone surface, real-time detection methods are adopted to
record the evolving behavior of water from initial contact with
the surface to spreading out to present a planar surface of its
own, as shown in Figure 6. Three kinds of nanocone array
structures with different shapes and densities are selected as
measured samples, and fabrication details are described in the
Experimental Section. The as-formed nanocone array structure
shown in Figure 6a has the highest density of (2−3) × 1010

cm−2, an average apex angle of about 7°, and a height in the
range of 200−300 nm. Figure 6b shows a nanocone array
structure with a density of (4−5) × 109 cm−2, an average apex
angle of about 15°, and a cone height of 200−300 nm. A lower
cone density of the nanocone array of (3−4) × 108 cm−2, with
an average apex angle of about 35° and a height of 100−200
nm, is displayed in Figure 6c.
On the right of Figure 6, the red arrow rows from the SEMs

point to the real-time images of water droplet spreading on
corresponding surfaces, clearly illustrating the structures’ effects
on the spreading velocity. With the nanocone density
decreasing and the cones’ apex angles increasing, the spreading
velocity is tuned from high to low, the fastest spreading velocity
(∼6 mm/s) is 100 times greater than the slowest (∼0.06 mm/
s), and it is found that the increase in the spreading velocity is
proportional to the increase in the nanocone density. For a
similar superhydrophilic surface with a very low contact angle
(<10°) after equilibrium, such a tremendous difference in the
spreading velocity directly reflects the considerable different
dynamic processes of water spreading out to the plain, which
can be also understood by the hemiwicking mechnism.
Figure 7 displays the cos θc − φs curves of the three kinds of

nanocone structure surfaces with different roughness values (r),
based on cos θc = (1 − φs)/(r − φs) (left side of eq 3). In
Figure 7, samples 1−3 stand for the nanocone structure surface
of diamond with different morphologies shown in Figure 6a−c,
respectively, and their roughness values (r) can be separately
estimated to be 7.65, 4.04, and 2.12. In addition, the criterion of
an intrinsic angle cosθi is marked using a dashed line in Figure
7, and we find that the features of samples 1 and 2 are different
from those of sample 3.
For samples 1 and 2, because of a greater roughness, the top

layer of the cone structures can also make water penetrate. As a
result, the thickness of the hemiwicking water film is equal to
the height of the nanocones, and the further processing of the
water droplet seems like moving on the water surface. The
difference (δ = cos θi − cos θc) between cos θc and cos θi

directly reflects the change in the driving force of droplet
spreading, based on the driving force equation: F = γ(r −
φs)(cos θi − cos θc).

36 In Figure 7, this difference (δ) for
sample 1 is obviously larger than that for sample 2, and hence
the driving force of sample 1 is higher than that for sample 2,
which is the reason that the spreading velocity of sample 1 is
higher than that of sample 2. These analyses agree with the
experiment results shown in Figure 6a,b. Compared to samples
1 and 2, sample 3 has a lower roughness, and the top of the
nanocone structures hardly affects the hemiwicking of water
because the criterion cos θc > cos θi is not satisfied in the case
that is shown in the partial curve of sample 3 above the dashed
line of cos θi. However, the water droplet can still be
hemiwicked at the bottom of valleys but leave unwetted and
dry cone tips. Finally, when water is processed on the surface of
sample 3, it displays an obvious apparent CA and then the CA
slowly comes to zero (Figure 6c). This can be explained by the
fact that hemiwicking continues to happen around the three-
phase line and the draining is from the central part of the
droplet. Despite the rim of the water film in our experiment not
being observed because of the antireflection of such surfaces,
the behavior of the bulk water droplet is recorded, which is
consistent with the previous studies.2,19 All in all, the difference
in water spreading on the superhydrophilic nanocone surfaces
is mainly derived from different driving forces that lead to the
hemiwicking in our experiment.

4. CONCLUSIONS
We used a maskless plasma etching method with a dual-bias-
assisted HFCVD system to modify a series of diamond samples,
resulting in samples with a range of different respective wetting
behaviors−from superhydrophobic (CA ≈153o) to super-
hydrophilic (CA ≈ 0o). The differences are attributed to the
etched surface morphologies of microstructures or nanostruc-
tures (mushroom-shaped and nanocone array structures)
without any chemical modification. Moreover, these surfaces
and their superwetting properties would be chemically and
mechanically stable in almost any application. Upon further
investigation of the superhydrophilic nanocone structure with
different cone densities, we found very different spreading

Figure 7. Change in the critical angle cos θc with φs for three kinds of
diamond nanocone surfaces with different roughness values: r = 7.75
(sample 1), r = 4.04 (sample 2), and r = 2.12 (sample 3),
corresponding to different cone densities shown in Figure 6a−c,
respectively. A black dashed line represents an intrinsic angle cos θi of
0.438.
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velocities of water, spanning two orders of magnitude and
depending on different surface roughness values originating
from a change in nanocone density. All of this may be essential
to biosensing and biomedicine applications, where a solvent’s
spreading velocity directly affects the final state of cells or DNA
on a diamond surface. Therefore, the morphology-modulating
wettability for a diamond film is important and necessary to
characterize its superhydrophobic or superhydrophilic phenom-
ena and functionalized application completely.
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