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Oriented single-crystal diamond cones and their arrays
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One of the major problems in material science has been the difficulty in modification of the most
endurable material, diamond, due to its extreme hardness and chemical inertness. Here, we report
the development of a conical structure of diamond by performing bias-assisted reactive ion etching
in hydrogen plasma. The diamond cones produced by this method are uniformly distributed over
large areas on silicon substrates. Each cone was identified to be a single crystal with an apical angle
as small as 28° and a very sharp tp radii ~2 nm). Their[001] axes are perpendicular to the
substrate surface and parallel to each other. Such striking structures of individual single-crystal
diamond cones and their arrays, in addition to their scientific value, may lead to a breakthrough in
the design of high-performance mechanical and electronic device003 American Institute of
Physics. [DOI: 10.1063/1.1568546

The potential application of materials depends not onlyaspect ratio, nanotip radius, and high uniformity over large
on their intrinsic physical and chemical properties, but alscareas. The experiments were performed in a commercial
on their surface geometries in which they appear. The speci@iSTeX® microwave plasma CVD reactor equipped with a
geometrical configurations of many materials, for example1.5-kW microwave generator. The fabrication process of dia-
with conical structure, may provide the properties that cannomond single-crystal cones is based on two fundamental
be observed in either their bulk or their film forhéConical  steps:(i) deposition of diamond films serving as input mate-
arrays have been suggested in designs of many instrumentials for (i) subsequent bias-assisted reactive ion etching
such as controlled thermonuclear fusion devit@sabsorb-  (RIE) in a hydrogen plasma that is responsible for emerging
ers in solar cell§; and cold cathodes in field-emission the conical structure. In accord with our previous wdtk,
devices® Such applications, however, require materials enpyramidal-shaped001]-textured diamond films were first
during harsh operation conditions. Diamond, with its “record deposited on(001) silicon wafers 3 in. in diameter using
properties,” including the highest hardness, the highest themias-enhanced nucleation and maintaining the alpha growth
mal conductivity, outstanding chemical inertness, wide bandparameters close to 3. Anin-situ bias-assisted reactive ion
gap semiconducting property, and negative electron affinityetching process was then applied in a subsequent step for the
(NEA)? prepared in conical forms can serve in similar appli-cone formation. Hydrogen was fed only into the microwave
cations and ensure some unique applications in mechanicsactor at a gas flow rate of 200 sccm to maintain the reactant
chemistry, and electronics. Indeed, much effort has been deressure at 40 Torr. The input microwave power was 1500 W
voted to develop diamond in tip formats, and the preliminaryand the substrate temperature was 850 °C. A negative sub-
work has already shown some advantages in practical applstrate bias of- 400 V was applied to the substrates through-
cations. For instance, sharp silicon probes coated witlout the etching process, inducing a bias current of 140 mA.
chemical vapor depositiofCVD) polycrystalline diamond The etching of the textured diamond films under such con-
films!®!! and polycrystalline diamond pyramids made by aditions took 40 min.
molding techniqu¥ have been used in scanning probe mi-  The crystallographic orientation of the diamond films
croscopesSPM) and have shown a significantly higher dy- synthesized in stefi) plays a decisive role for the formation
namic range than any probes known to date. It was alsand crystalline nature of the diamond cones produced in step
demonstrated that coating silicon tips with diamond could(ii). The[001]-textured pyramidal-shaped diamond films, as
dramatically improve the emission parameters, including thghown by the scanning electron microsco@&EM) image in
emission threshold, maximum emission current density, curFig. 1(a), yielded an array of the sharpest tips with a uniform
rent stability, and reproducibilit&r"? However, such polycrys- apical angle. The majority of diamond grains had theod]-
talline diamond tips had rough surfaces, and were either fragaxes perpendicular to the substrate surface and most of them
ile in their surface coating forms or had large apical angles irhad their{110] axes parallel to each other. After etching, the
their bulk (pyramid form, which limited the device perfor- samples were observed by SEM in both plain and cross-
mance especially in the case of probes used in SPM instrigectional views. It was found that the pyramidal diamond
ments. grains have been converted to conical tips entirely, and each

We have developed an interesting structure made ofone has a smooth surface, as illustrated in Filgl. The tips
single-crystal diamond cones characteristic with very highare highly uniform in both size and apical angle. Raman
spectra collected from the array of these tips indicate their
aElectronic mail: apwjzh@cityu.edu.hk diamond nature. The low-magnification transmission elec-
PElectronic mail: apannale@cityu.edu.hk tron microscopid TEM) image of a typical diamond tip, in
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FIG. 2. Low-magnification TEM image of a single diamond cone elucidat-
ing its sharpness and orientation. The corresponding transmission electron
diffraction inserted indicates its single-crystal nature.

bulk, the columnar(grain) boundaries confinesp?-atomic
configuration or defectivesp® atomic bonding, which are
believed to be essential for the formation of diamond cones.
In the bias-assisted RIE procdss$ep(ii)], the hydrogen ions
induced in the microwave plasma are accelerated by the elec-
trical field across the plasma sheath to the biased substrate
and produce an ion flu§on bombardmentin parallel to the
normal of sample surface. The ion bombardment contributes
to the localized conversion of diamond to graphitic or amor-
phous phase&@s evidenced by the amorphous carbon cover-
age of diamond cones in Fig.),2which further promotes
chemical etching with plasma activated atomic hydrogen.
Detailed study the NEA of polycrystalline diamond shows
that the higher electron intensities are emitted from defective
FIG. 1. SEM images ofa) an [001]-oriented pyramidal-shaped diamond sites or graphitic/amorphous phases confined in grain
film prepared for the fabrication db) a si_ngle-_crystal diamond cone array. poyndarie® The unevenly distributed electron emission
Image(b) was collected from a sample tilted in an angle of 45° towards the . . . . .
SEM detector. Note that nearly all diamond cones are uniform in both sizéhen induces inhomogeneous distribution of positive space
and aspect ratio. charge, plasma sheath, and electric field. As a result, the ion
bombardment is regionally increased, and thus both physical
(ion bombardmentand chemical(activated atomic hydro-
. - . en preferential etching is enhanced in the grain boundary
pattoern, as anllnset in Fig. 2, demonstrate the tip sharpr_1e Bnes. The original pyramidgD01] textured structure is then
(28°) an_d its _smg_le—crys';al c_haracter. An overall Observat'orbontinuously sharpened by gradually removing diamond ma-
of the bright-field image in Fig. 2 shows crystal defects. Theyg 5| with preference to the peripheral regions of crystallites
crystal defects, mainly microtwins and stacking fadiack 5 the |ocalized increase in current density to yield, finally,
lines within the tip graink are two-dimensional defects lying arrays of single-crystal diamond cones.
on the{l111} lattice planes. These crystals with the evident apical tip radius shown in the high-resolution TEM
defects have theif011] axes parallel to the electron beam image (Fig. 3 is measured as small as 2 nm, which repre-
and perpendicular to the image plane. The defect orientatioggnts approximately 10 carbon atoms only along the tip ra-
of about 54.8° to the substrate surfges shown in the fig-  gjus. Inheriting the intrinsic properties of diamond, the
ure) indicates that the axes of the single-crystal cones argjngle-crystal diamond cones/cone arrays with the highest
parallel with the[001] crystal direction(normal to the sub-  aspect ratio and the smallest tip radii ever reported, may have
strate surface like the original pyramidal diamond grains great advantages for the applications in high-resolution
subjected to etching. A thin surface layer, in Fig. 2, with aSPMs as recording probes, nanoindenters, nanomachining,
uniform thickness of 7 nm, is amorphous carbon formed byand electron field-emission devices.
ion bombardment during the etching procedure, and can be In summary, we have developed a diamond nanostruc-
removed by reactive plasma etching in hydrogen if desiredture consisting of arrays of sharp single-crystal diamond
CVD diamond films grow in a columnar structure form- cones. The cones are uniform in both apical angle and cone
ing textured crystal orientation with grain boundaries as desize. Thei{001] axes are perpendicular to the substrate sur-

scribed by the Volmer—Weber growth model. Unlike crystalface and parallel to each other. The tip radii of the cones are
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Fig. 2, and corresponding transmission electron diffractio



2624 Appl. Phys. Lett., Vol. 82, No. 16, 21 April 2003 Zhang et al.

applicable for manufacturing conical structures based on
a wide range of materials including silicon carbides and
nitrides.
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FIG. 3. High-resolution TEM image of a tip apical region shows the apical
radius to be about 2 nm.
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