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ABSTRACT: Conductive diamond whiskers were fabricated by maskless oxygen plasma
etching on highly boron-doped diamond substrates. The effects of the etching conditions
and the boron concentration in diamond on the whisker morphology and overall substrate
coverage were investigated. High boron-doping levels (greater than 8.4 x 10*° cm ™ ?) are
crucial for the formation of the nanosized, densely packed whiskers with diameter of ca. 20 nm,
length of ca. 200 nm, and density of ca. 3.8 X 10'® cm™ > under optimal oxygen plasma
etching conditions (10 min at a chamber pressure of 20 Pa). Confocal Raman mapping and
scanning electron microscopy illustrate that the boron distribution in the diamond surface
region is consistent with the distribution of whisker sites. The boron dopant atoms in the
diamond appear to lead to the initial fine column formation. This simple method could
provide a facile, cost-effective means for the preparation of conductive nanostructured
diamond materials for electrochemical applications as well as electron emission devices.
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1. INTRODUCTION

Carbon-based nanoscale materials such as carbon nanotubes
and carbon nanofibers have received a great deal of attention
because of the superior properties induced by their unique
nanostructures."* Fabrication of specific types of nanostructures
on diamond surfaces is therefore extremely desirable for the
improvement of the intrinsic properties of diamond, for example,
in field-emission devices because of its negative electron affinity.’
Nanostructures of conductive diamonds are also of practical
importance for such electrochemical applications as biosensors
and electrolysis, because the relatively large surface area of such
materials may also be an attractive feature when they are used as
catalyst supports and substrates for electrochemical reactions.
Various functional molecules such as ;)roteins,4 DNA,® and
vinylferrocene,’ as well as metal particles,” have been successfully
used to modify nanocrystalline, polycrystalline, and single-crystal
diamond. The enlargement of the substrate surface area based
on the nanostructure, for example, a needlelike structure, with
its small diameter, high density, and high aspect ratio, is of great
interest for increased reaction efficiency. The development of robust
electron emission devices as an alternative to carbon nanotubes
in specialized applications could also be highly attractive.
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The template synthesis of diamond inside highly ordered porous
alumina has already been achieved, resulting in the deposition of
well-aligned diamond nanocylinders.® As the cylinder size depends
on the diameter of the pores in the alumina template, the maximum
density of the diamond cylinders has remained at 4.6 x 10® cm ™ ~.
The transformation of carbon nanotubes to nanocrystalline diamond
has been carried out in a hydrogen plasma at a temperature of
1000 K for 10 h, but the adhesion to the substrate has remained
problematic. Other attempts at the anisotropic etching of diamond
have been reported in which the surface was covered with
nanometer-scale Al and Mo particles as masks for the oxygen
plasma.'®"" In this case, the metal particles deposited were a few
nanometers in diameter, and the density of the diamond whiskers
formed was 3.0 x 10” cm™ *. For higher density, it appears to be
necessary to construct a mask at the atomic level. In recent years,
the AIST (Japan) and IAF (Germany) groups have developed
the fabrication of vertically aligned nanowires by the use of
nanodiamond particles as a hard mask for reactive ion etching
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(RIE)."””™ " However, these methods are unfavorable for large-
scale fabrication and are complicated, because an etching mask
needs be intentionally deposited by prepreparation processes.
For practical applications, the method used for diamond nano-
structures with high density should be simple, low-cost, and
reproducible.

More recently, our group and others have reported the electro-
chemical application of boron-doped diamond nanograss arrays
or nanowires prepared via simple techniques on the diamond
surface.'>” 7 The details of the process conditions, which involve
maskless RIE with an oxygen plasma, have heretofore not been
described. It is of considerable interest to study the RIE condi-
tions along with the known characteristics of the diamond films
to both improve the reproducibility, and to elucidate the etching
mechanism, thus facilitating the further development of nano-
material construction techniques. In this paper, we report the
formation of vertically aligned diamond whiskers with a density
of approximately 3.8 x 10'® cm™ > on highly boron-doped
diamond thin films by RIE. The relationship of the etching
conditions and the diamond characteristics that affect the RIE
are also presented, particularly as they relate to the whisker
morphologies. The procedure is very simple: it is not necessary to
predeposit metal or diamond particles or to apply a photolitho-
graphic process but simply to treat the highly boron-doped diamond
surface with an oxygen plasma. The feature of this technique
that is most scientifically interesting is that dopant atoms in the
diamond appear to lead to the initial fine column formation, and
the high dopant concentration contributes to the nanosized,
densely packed, yet well dispersed, diamond whiskers.

2. EXPERIMENTAL SECTION

Polycrystalline boron-doped diamond thin films were grown on
Si(111) substrates using a 2.45 GHz microwave plasma chemical vapor
deposition (CVD) system equipped with an 8 kW microwave plasma
CVD reactor (Seki Technotron Corp., Model AX6500). A mixture of
acetone and methanol in the ratio of 9/1 (v/v) was used as the carbon
source. B,Oj3 as the boron source was dissolved in the acetone-methanol
solution at the desired concentrations. The acetone-methanol-B,O3
solution was sparged with high-purity hydrogen gas. For example, when
the boron to carbon (B/C) weight ratio in the solution was 10 000 ppm,
the boron doping level in the diamond film estimated by secondary ion
mass spectroscopic (SIMS) measurements was 2.1 X 10° ecm™>. The
etching experiments were performed in a parallel plate RIE plasma
system with an RF power of 13.56 MHz (SAMCO, RIE-10NR) using an
oxygen-based plasma. The diamond thin film specimen on a Si substrate
was placed on a quartz holder, which was situated on the self-biased
electrode in the RIE chamber. The amounts of boron atoms in the
diamond films were evaluated using a CAMECA IMS-6f instrument.
As a primary ion, O, accelerated at 5.5 kV was used. The samples were
studied by field-emission scanning electron microscopy (FESEM) (Hitachi,
S-4800) with a 20 kV accelerating voltage, and characterized by micro-
Raman spectroscopy using a Renishaw in-Via Reflex instrument with
the 514.5 nm line of an Ar" laser as the excitation source. All Raman
spectra were represented as the average of ten measurement points.
X-ray diffraction (XRD) studies were made with a PANalytical X'Pert-
PRO MPD with a Cu target. Atomic force microscopy (AFM) (JEOL,
JSPM-5200) was used to evaluate the surface morphology characterization
of as-deposited, mirror-polished and etched diamond films. The AFM
images were captured in tapping mode by use of a silicon cantilever. The
mirror-polishing of the diamond was carried out by Namiki Precision
Jewel Co. (Tokyo, Japan), by a proprietary technique in which the
as-deposited polycrystalline diamond surface was mechanically polished.

Figure 1. SEM images of diamond surfaces (ng = 2.1 X 10*! em ™)
treated with an oxygen plasma for 10 min under (a) O, gas pressure S Pa,
(b) 20 Pa, and (c) 100 Pa. The images were collected at tilt angle of 30°.
(d) Enlarged and (e) cross-sectional images of b. Only image e was
sputtered with platinum to minimize charging of the sample.

3. RESULTS AND DISCUSSION

3.1. Requirement of the Whisker Formation. 3.1.1. Exam-
ination of the RIE Conditions. FESEM was used to investigate
the effect of various preparation conditions on the diamond whisker
morphology and overall substrate coverage. Figure 1 shows
the etched diamond surfaces (boron number density ng of 2.1 X
10*" em™*) under different O, gas pressures. The gas flow rate
was 10 sccm, except for the case of 100 Pa, in which 30 sccm was
necessary to control the relatively high pressure. The RF power
and the etching duration were 300 W and 10 min, respectively. As
shown in Figure 1a, etching at a low pressure of S Pa resulted in
the production of diamond whiskers of a few hundred nanometers
in diameter in a network-like pattern along grain boundaries
with poor uniformity. Figure 1b gives the result of the highly
dense, yet well-separated vertically aligned diamond whiskers
obtained when the RIE was performed at a pressure of 20 Pa. As
can be seen from the enlarged and cross-sectional SEM images d
and e in Figure 1, the whiskers were distributed uniformly over
the surface, and the density was as high as 3.8 x 10'® cm >
estimated by the diameter of approximately 20 nm and the
distance between each whisker of around 50 nm; the length was
approximately 200 nm. At the higher pressure of 100 Pa, fine
columns of a few nanometers in size were formed on the overall
surface including facets and grain boundaries (Figure 1c). In the
case of the higher pressures, the plasma ion densities were
relatively high, so that the average kinetic energies of the oxygen
atoms were reduced because of inelastic collisions with each
other. As a result, fine columns were uniformly fabricated on the
diamond surface due to the lower energy, high density plasmas.
On the other hand, when the pressure was reduced to S Pa, the
relatively large nonuniform whiskers may result from the low
density plasmas with higher average kinetic energy. The possible
reason why the whiskers are formed along grain boundaries at
a low pressure will be discussed in a later section. To obtain the
effective formation of diamond whiskers with high density and
high aspect ratio, therefore, we found that the optimal RIE condition
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Figure 2. SEM images of lightly boron-doped diamond (np = 4.3 X
10" cm ™) etched ata pressure of 20 Pa, O, gas flow rate of 10 sccm, RF
power of 300 W, and etching duration of 10 min.

was as follows: a pressure of 20 Pa, O, gas flow rate of 10 sccm, RF
power of 300 W and an etching duration of 10 min. Under these
conditions, if only the RF power was lowered to 70 W, there were no
whiskers with high aspect ratio but just fine columns on the diamond
surface. It is highly likely that the formation of high density uniform
diamond whisker arrays can only be achieved with high ion kinetic
energies and plasma ion densities, which are obtained at a pressure of
20 Pa and a high RF power. The doping level of boron in the
diamond is also a very critical factor (see below).

3.1.2. Dependence of Boron Concentration on the
Whisker Formation. The following RIE experiments were
then carried out under the previously defined optimal conditions.
To examine the effect of boron concentration on the whisker
formation, lightly boron-doped diamond with a doping level
np of 4.3 X 10" cm™> was etched under similar conditions. As
shown in Figure 2, the formation sites were limited to areas along
the grain boundaries, resulting in fringe-like structures. Baik et al.
and Li et al. also observed the similar SEM images from nondoped
as-deposited diamond film etching in O, RF plasma.'”'® They
reported the reason why the fringelike structures were probably a
consequence of the presence of sp” carbon at the grain bound-
aries. It is likely that the easily etched carbon atoms, which are
considerably being present at grain boundaries, are redeposited
resulting in the relatively higher fibrous structures. In contrast,
the result of highly boron-doped diamond (15 = 2.1 X 10 cm™ )
shown in Figure 1b illustrated that the vertically aligned diamond
whiskers were uniformly formed. Note that the etching condi-
tions were the same, except for the amount of boron doped in the
diamond films. With an increase of boron concentration, the
formation sites extended from the grain boundaries to the facets
(data not shown). The whisker density appears to plateau at
around 4 x 10" cm ™ % at ng > 8.4 x 10°° cm ™ >. It is worth noting
that diamond whiskers have often been formed unintentionally,
in an uncontrolled fashion, on diamond substrates.'*'"*? Zhang
et al. also reported the fabrication of nanodiamond cones
and whiskers on nanodiamond film surfaces by maskless RIE
process.”®” ** The decreased cone density and the size nonuniformity
depended on the formation mechanism that the conical/whisker
structures were involved with the original column structure of
nanodiamond films. In our case, highly dense, homogeneous fine,
aligned nanosized diamond whiskers have been successfully pre-
pared without predeposition of metal or diamond particle masks
as well as nanodiamond subcolumn.

3.2. Formation Mechanism of Diamond Whiskers. 3.2.1.
Effects of Adventitious Impurities As an Etching Mask. To study
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Figure 3. Micro-Raman spectra and XRD patterns in the vicinity of the
highly boron-doped diamond surface before and after oxygen plasma
etching. (a) Raman spectra of (1, 2) growth surfaces and (3, 4) nuc-
leation surfaces, where (1, 3) designate before and (2, 4) after oxygen
plasma treatment. (b) Glancing-angle XRD diffraction measurements
were performed at an angle 0 of 1°.

the characteristics of the vertically aligned diamond whiskers formed
by the oxygen plasma etching of diamond with 1 = 2.1 x 10*' cm >
and to gain deeper insight into their formation mechanism, FESEM/
energy-dispersive X-ray spectroscopy (EDXS), micro-Raman spec-
troscopy, and XRD were used. One of the known formation
mechanisms involves the presence of adventitious impurities, e.g,
metal nanoparticles sputtered from a sample holder can act as a
mask.' In the present work, EDXS indicated only a trace of silicon
impurity (0.0S at %), due to sputtering of the quartz holder. Although
it could be possible that there was a micromask effect due to the
presence of impurities, because silicon, metal, and their oxides are
known to be etching masks for diamond, the present case does not
appear to involve this mechanism. The fibrous structures observed on
lightly boron-doped diamond were formed only along the grain
boundaries, even though the silicon impurity was detected at the same
level on both lightly and highly boron-doped diamond.

3.2.2. Effects of the Electrical Characteristics. It is sig-
nificant that boron was crucial for the whisker formation. To deter-
mine whether the electrical characteristics imparted by boron
were involved, we examined the influence of the specimen con-
ductivity on the whisker formation. Kobashi et al. previously
reported that the diamond specimen must be electrically con-
ductive for the formation of fibrous structures by hydrogen
plasma treatment for 3—6 h under DC bias.”® The Mo specimen
holder was negatively biased, and the substrate for diamond films
was required to be conductive. In our experiment, however, the
specimen conductivity may not be playing an important role for
the whisker formation, because the quartz holder for the RIE was
nonconductive. Also, the etching of the highly boron-doped
diamond thin film, even though the thickness was below 1 tm,
on nonconductive silicon or diamond substrates resulted in
the formation of diamond whiskers. Moreover, when electrically
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Figure 4. Confocal Raman mapping of the diamond line intensity showing the boron distribution. (a) Plot of the diamond (1329 cm~ ') Raman
intensity vs boron concentration in the diamond film. (b) Optical image of the lightly boron-doped diamond (125 = 4.3 x 10" cm™>). () Raman mapping of the
same region as (b). (d) Optical image of highly boron-doped diamond (5 = 2.1 x 10*' cm™>). (¢) Raman mapping of the same region as (d).

conductive glassy carbon was treated with the oxygen plasma,
its surface did not show whisker formation but merely became
roughened.

3.2.3. Effects of the Defects Incorporated in Diamond.
As another possibility, defects incorporated in the diamond during
growth in the presence of boron were also speculated to contri-
bute to the selective formation of diamond whiskers, due to the
presence of C—C bond strain. Therefore, the vicinity of the
diamond surface was examined in more detail, with micro-Raman
spectroscopy with a depth resolution of approximately 1.5 um
and glancing-angle (1°) XRD. These were performed on as-
deposited highly boron-doped diamond and vertically aligned
diamond whiskers after oxygen plasma etching (Figure 3). The
Raman spectrum for the nucleation side of as-deposited diamond
(curve 3, Figure 3a), from which the Si substrate had been
removed by etching in HF-HNOj solution, indicated the pre-
sence of amorphous nondiamond sp> carbon, evidenced by the
broad band in the 1500 — 1600 cm ™' region, which disappeared
after oxygen plasma etching (curve 4, Figure 3a). Thus, the
present method of RIE enables us to selectively remove the sp*
carbon, without greatly affecting the characteristic, sharp diamond
phonon peak at 1329 cm™ ' or the broader Eeak 1230 cm ™},
which is associated with heavy boron doping.** In fact, if boron-
associated defects were selectively etched, we would have expec-
ted the latter peak to decrease in intensity. Thus, the Raman
spectra (curves 1 and 2 in Figure 3a) and XRD spectra suggest
that the film quality was not affected by the etching process.

3.2.4. Relationship between the Boron Distribution
and the Whisker Sites. A confocal Raman mapping study
was also carried out to examine in more detail the dependence of
the whisker sites on the boron concentration and the boron
distribution in the diamond surface region. An inverse relation-
ship between the diamond line intensity and the boron concen-
tration in the diamond film was observed (Figure 4a).”* Also,
optical images (Figure 4b, d) and confocal Raman images
(Figures 4c, e), based on the diamond line (1329 cm™ ') intensity
were obtained for the different boron-doped diamonds (ng =
43 % 10" ecm ™ for images b and c in Figure 4, and np = 2.1 X
10*" cm > for images d and e in Figure 4). The unique Raman
spectral features of boron-doped diamond specimens allow
tracking of the boron distribution over the entire diamond
surface. The distribution of boron in the diamond surface region

180

expanded from the grain boundaries to the facet areas as the
boron concentration increased. This tendency was consistent
with the distribution of diamond whisker formation sites. Even
though a significant heterogeneity of the boron concentration
was observed in the Raman mapping of highly boron-doped
diamond (Figure 4e), it was sufficient to produce dense whiskers
because of a minimum level being present (for example, ng > 9 x
10%° cm ™ in the lower part of Figure 4e).

3.2.5. Possible Formation Mechanism. It is certain that
the most important factor in the formation mechanism for the
diamond whiskers is the presence of the boron dopant atoms.
Some reports have suggested that the surface morphology of
as-deposited diamond film has played a key role for the initiation
of cone formation.”?° In other words, the formation process of
diamond cones was interpreted in such a way that the plasma
etching was stronger at the side of a hillock than at the top,
because of the higher ion-sputtering yield at an oblique incident
angle. However, this cone formation process, particularly in the
initial stage, is different from that in our experiments, in which we
used polycrystalline diamond with a grain size of a few ym and
observed diamond whiskers even on the smooth diamond facets.
On the basis of the considerations discussed thus far, we believe
that the primary fine columns are due to the more intense elec-
tron emission from the boron sites in diamond. Boron-doped
diamond is known to enhance the electron emission compared to
insulating diamond.”” The resulting local electrical field around
the vicinity of the boron site on the diamond surface appears to
contribute to the fine column formation during the oxygen
plasma etching. Once the columns are formed even on the facets
in the case of highly boron-doped diamond, etching would
continuously occur in the depression between the fine columns;
as a result, the high aspect ratio of diamond whiskers would be
developed. The FESEM observation showed that the whisker
diameter gradually grew from S nm at the etching time of 30 s
to 20 nm at 10 min (see the Supporting Information). The
increased diameter with etching time would seem to stem from
the selective etching of the formed column; of course, there are
redeposition of the etched carbon and the influence of the silicon
impurities. On the other hand, in the lightly doped case, boron
was incorporated along the grain boundaries so that the forma-
tion sites of the diamond whiskers were limited to those areas.
Here, we should consider again the case in which the plasma ion
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Figure 5. Tapping-mode AFM images of (a) as-deposited surface,
(b) mechanically polished surface, and (c) resulting diamond surfaces
after etching. Field of view: 20 um X 20 ym.

density and ion kinetic energy are relatively low and high, respec-
tively (Figure 1a). In this condition, the low-density plasma with
high energy produced at reduced pressures such as 5 Pa might
be focused on the grain boundaries. It is very probable in the low-
plasma ion density that the enhancement of the electric field
will be more favored at diamond grain boundaries, at which it is
known that the electrical conductivity can be elevated to levels
greater than those on the diamond facets, because of the presence
of sp2 carbon, as well as higher boron concentrations, and even
to significant concentrations of hydrogen.”® Consequently, the
diamond whiskers of a few hundred nanometers in diameter would
be formed in a networklike pattern along the grain boundaries.

3.3. Fabrication of Large Area Diamond Whisker Covered
Surfaces with Coincident Tip Position. The present fabrica-
tion method provides a uniform distribution of diamond whiskers
over the whole surface of diamond films in polycrystalline form.
We next sought to eliminate the effect of roughness in the poly-
crystalline diamond films, because the prospect of having a large
area of diamond whiskers with the whisker tips in a coincident
plane is attractive, both fundamentally, for example, to study the
enhancement factor in the field emission experiments, and also
technologically, from the applications point of view. Therefore,
we examined the etching of mirror-polished boron-doped dia-
mond films. Figure 5 shows AFM images of the as-deposited
surface, the polished surface, and the resulting etched diamond
surface. The root-mean-square (rms) roughness of the as-deposited
diamond was 251 nm, and the mechanical polishing produced a
smooth surface with a roughness of 4.1 nm. Upon etching, this

smooth surface was converted to the whisker morphology with
an rms roughness of 31.4 nm. From the line profile correspond-
ing to Figure Sc (data not shown), the whisker height was
estimated as approximately 100 nm, which was half the value
measured from the cross-sectional SEM image (Figure le). The
difference in heights and diameters between the results of the
AFM and SEM measurements may have resulted from the size of
the cantilever and the medium gain of the AFM. As pointed out
in the literature, regarding the AFM-based technique for the
measurement of the elastic properties of nanowires aligned on a
solid substrate,”” the disadvantage is its inaccuracy in evaluating
the size of the nanowires. The precise AFM measurement of
our high-aspect-ratio diamond whiskers was thus difficult. The
more important point, however, is that we were able to observe
relatively large, flat areas that were uniformly covered with whiskers,
with no grain boundaries.

4. CONCLUSIONS

Vertically aligned diamond whiskers distributed uniformly on
the polycrystalline diamond surface were fabricated from a highly
boron-doped diamond thin film by use of oxygen plasma etching.
The whisker density and uniformity were significantly dependent
on the RIE conditions, especially the chamber pressure, as well as
the boron doping level in the diamond. Under the optimal RIE
conditions, ie., oxygen plasma treatment time of 10 min at a
pressure of 20 Pa, with an O, gas flow rate of 10 sccm and plasma
power of 300 W, the principal requirement for the whisker
formation is a high boron-doping level (greater than 8.4 x
10* cm ™). During the initial stages of etching, the boron dopant
atoms present at the diamond surface appear to contribute to the
extremely small, nanometer-scale structures. It is highly likely
that the local enhancement of the electric field near the boron
dopant atoms, at which greater numbers of electrons are emitted,
will attribute to the preferential etching around the boron sites.
This simple technique, utilizing highly boron-doped diamond
films which are used as diamond electrodes in electrochemical
applications, could provide a facile, cost-effective means for the
preparation of nanostructured diamond surfaces for various
applications, including those in electrochemistry, for example,
in sensors, fuel cells, and electrolytic processes, as well as appli-
cations involving robust electron emission devices.
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