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I Nanolithography probes

Novel Ultrananocrystalline Diamond Probes for High-
Resolution Low-Wear Nanolithographic Techniques

Keun-Ho Kim, Nicolaie Moldovan, Changhong Ke, Horacio D. Espinosa,*
Xingcheng Xiao, John A. Carlisle, and Orlando Auciello

A hard, low-wear probe for contact-mode writing techniques, such as

dip-pen nanolithography (DPN), was fabricated using ultrananocrystal-
line diamond (UNCD). Molding within anisotropically etched and
oxidized pyramidal pits in silicon was used to obtain diamond tips with
radii down to 30 nm through growth of UNCD films followed by
selective etching of the silicon template substrate. The probes were mono-
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lithically integrated with diamond cantilevers and subsequently integrated
into a chip body obtained by metal electroforming. The probes were char-
acterized in terms of their mechanical properties, wear, and atomic force
microscopy imaging capabilities. The developed probes performed excep-
tionally well in DPN molecular writing/imaging mode. Furthermore, the
integration of UNCD films with appropriate substrates and the use of
directed microfabrication techniques are particularly suitable for fabrica-
tion of one- and two-dimensional arrays of probes that can be used for
massive parallel fabrication of nanostructures by the DPN method.

1. Introduction

A number of scanning probe techniques have been de-
veloped in recent years. These techniques require sophisti-
cated probes, such as those employed in nanolithography,'™!
arrays for parallel imaging, writing, and data reading/record-
ing,**! or even more complex tasks such as drilling, cutting,
or milling.”'” The cost of these specialized probes and their
functional life, in terms of scanning distance, are strongly
competing parameters in their design. Engineering new ma-
terials and developing simple fabrication processes is one
way of addressing this problem. Both aspects are examined
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here. We also focus on probes that may be attractive for in-
tegrating new functions, such as independent sensing and ac-
tuation, arraying, multiple probing techniques, microfluidics,
and/or scanning probe machining. The lifetime of probes is
typically shortened by mechanical failure in operation and
handling, pickup of material and particles from the samples,
and wear. The former can be enhanced by more careful pro-
cedures, but the latter is especially important in contact-
mode techniques, such as contact-mode AFM imaging,'!!
scanning spreading resistance microscopy,'” atomic-scale
potentiometry,'¥! scanning thermal microscopy,* and lith-
ography,>*! such as dip-pen and fountain-pen nanolithogra-
phy.") Hard materials are typically employed to reduce
probe wear, among which diamond is the obvious material
of choice. Furthermore, diamond possesses surface and
bulk properties that are ideal for probes: very low chemical
reactivity, a low work function when the surface is chem-
ically conditioned, no oxide layer formation, tunable elec-
trical conductibility by doping, and thermal conductiv-
ity ranging from relatively low (~10 WK'm™") for ultra-
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nanocrystalline diamond (UNCD) to extremely high
(~2000 WK'm™) for single-crystal diamond.!'®!

In previous work, several species of diamond films have
been employed in probe fabrication by different groups,’
which vary mainly in the degree of crystallinity of the dia-
mond. Initial attempts at producing conductive diamond
probes for scanning tunneling microscopy involved boron-
implanted macroscopic diamond crystals, which were ma-
chined by polishing and mechanically assembled into AFM
cantilevers.'” Later attempts used boron-doped epitaxial
layers grown by chemical vapor deposition (CVD) on natu-
ral diamond in a similar fashion.™ These approaches
showed the feasibility of employing conductive diamond in
probe manufacturing, but they are clearly not well-suited
for integration. Micro- or nanocrystalline diamond films!
have superior mechanical characteristics (wear, hardness)
with respect to amorphous carbon or diamond-like carbon
(DLC) materials,” but have higher surface roughness than
the latter. DLC films are smoother and easier to integrate
into more complex fabrication schemes but cannot be made
highly conductive. Hence, micromachining techniques based
on molding methods!"""**! were developed to minimize the
major problem of crystalline diamond films, that is, their
surface roughness when used as a coating on tips made of
other materials such as Si. An alternative is to use thin con-
formal films to cover probes made of other materials. This
technique has the disadvantage that it increases the initial
tip radius of the probes (10-20 nm) by the thickness of the
diamond film (typically 70-100 nm to achieve full coverage
of the substrate); thus, it results in a much lower tip sharp-
ness. Typical commercial diamond-coated tips have radii in
the 100-200 nm range. In particular cases, nanoscale rough-
ness features can improve the radius of the contact area, but
the general shape and aspect ratio of the probes is compro-
mised. Molding of crystalline diamond works reasonably
well, but leaves the growing surface of the diamond very
rough, which is unsuitable to continue the integration with
other, later-deposited layers and further processes.

UNCD films,* with grain sizes in the 2-5 nm range,
retain most of the surface and bulk properties of crystalline
diamond as well as the smoothness of the substrate.™ The
material is deposited by microwave plasma-enhanced chem-
ical vapor deposition (MPCVD) from an Ar—CH, (99:1) gas
mixture. Table 1 shows some of the remarkable properties
of UNCD, as compared to
other forms of diamond.

Smu|| R

diamond mentioned above. Due to the small size of the
grains, the ratio of grain-boundary atoms (which consist of a
mixture of sp? sp®, and other forms of carbon bonding) to
bulk atoms (sp?) is high, which leads to interesting material
properties such as a predictable fracture strength equal to
or higher than that of single-crystal diamond and the ability
to incorporate nitrogen into the grain boundaries which
gives rise to greatly increased (up to 250 Q'cm™') room
temperature n-type conductivities. A comparison between
these species of diamond is given in Table 1.

The remarkable hardness of UNCD makes it the materi-
al of choice for contact-mode nanoprobe tips. Erdemir
et al.” measured wear rates on MCD films using a SiC pin-
on-disk tribometer measurement technique. They found that
MCD films exhibit wear rates from 0.48x107° to 55.0x
10 mm’Nm™". By contrast, UNCD films exhibit a wear
rate as low as 0.018x 10" mm*Nm. It was also found that
the as-grown UNCD films have friction coefficients roughly
two orders of magnitude lower than those of MCD films of
comparable thickness. The wear rate of a SiC pin rubbed
against a UNCD film was found to be ~4000 times lower
than that of a SiC pin rubbed against an as-deposited MCD
film.

Herein, we report the fabrication of UNCD probes for
AFM, which integrate tips and cantilevers made entirely of
this material, both in nonconducting (undoped) and con-
ducting (nitrogen-doped) states. The probes were character-
ized by electron microscopy and resonance measurements,
and their performances tested in imaging and dip-pen nano-
lithography (DPN) writing modes. Wear tests were also con-
ducted to demonstrate the superior behavior of the micro-
fabricated UNCD tips as compared to commercial silicon
nitride tips.

2. Results and Discussion
2.1. The Molding Method for UNCD Probes
Molding is well known as a fabrication method for ultra-

sharp tips of a large variety of materials,*"*! including dia-
mond,”! for which tip radii of 30 nm have been reported.””

Table 1. Characteristics of different diamond film species.

The term ultrananocrystal-
line diamond (UNCD) is
used to distinguish this ma-

Microcrystalline Nanocrystalline
diamond (MCD) diamond (NCD)

Ultrananocrystalline Diamond-like carbon (DLC)
diamond (UNCD)

ta-C ta-H:C

terial from microcrystalline
diamond (MCD),?! nano- Growth species  CH,* (H%) CHy* (HY) G C C

. T Crystallinity columnar mixed diamond and equiaxed diamond mixed diamond amorphous
crystalline diamond

y [26] . nondiamond and amorphous
(NCD)’ and dlamgnd- Grain size ~0.5-10 ym  50-100 nm 2-5nm variable -
like carbon (DLC),” since  syrface 400 nm-1pm  50-100 nm 20-40 nm 5-100 nm 1-30 nm
UNCD exhibits the small- roughness
est grain size (except for Electronic bond- sp’ up to 50% sp’ 2-5% sp’ up to 80% sp> upto
DLC films), and different Ing character (secondary phase)  (grain boundary) ~40% sp’
’ o, 0o, o, o, _ 0,

morphology and properties Elg:trgften <1% <1% <1% <1% 15-60%

than all the other forms of
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However, the reports on diamond molding did not include
oxidation sharpening as an option for increased sharpness
of the probes. Tip radii were limited by the geometrical pre-
cision of the pyramidal pit etched into silicon, and by the di-
amond deposition and seeding parameters. The ultimate
shape of such a pyramidal pit in Si(100) is given by many
factors, which include the accuracy of crystallographic orien-
tation/alignment, and the lithographic performances in pro-
viding optimum geometries for windows in the masking
layer used for pyramidal etching. A slight increase in the
window size in one direction results in the formation of a
line-edge probe rather than a point-tip probe. The align-
ment, lithography, and etching processes are never perfect
to the nanometer scale, therefore one expects line-edge
probes to be always obtained, depending on how much mag-
nification is used in observing the tip end. In our approach,
besides a sufficiently rigorous lithography (0.1 um) and
care in alignment (better than +1° for both flat-to-crystal
and mask-to-flat alignment), we added an oxidation sharp-
ening step (Figure 1). This step, as well as the additional
sharpening due to constraints in the oxide growth in pyrami-
dal pits,* performed well in leading to single-point tip geo-
metries.

The molding method has the general inconvenience that
the tip is fabricated facing toward the substrate, thus requir-
ing some microfabrication effort to reverse the probe canti-
levers with respect to the
handling chip body. Sever-

H. D. Espinosa et al.

(a) (b)

Si0,

Figure 1. Molding of UNCD by a) forming a pyramidal pit in Si(100) by
orientation-dependent etching, b) oxidation sharpening, c¢) deposi-
tion of UNCD, and d) removal of the Si and SiO, mold by chemical
etching.

for the chip body has the advantage of offering a medium to
develop electronic circuitry without interfering much with
tip fabrication, but it is an unnecessary effort in the case of
simple conductive probes. In our approach, simple sensors/
actuators in film form, such as piezoactuators or piezoresis-
tors, can still be integrated on top of the diamond by pro-
ceeding from the mold-side silicon wafer. Additional pre-

al methods have been re-

ported for reversing the di-

amond tips, including:
1) building of a chip body

by micromachining and

gluing of a complementary
silicon or glass wafer onto

the tip-fabrication
wafer;?! 2) fabricating tips (d)
and portions of the cantile-

vers on one wafer and

gluing them onto cantile- ()

vers fabricated on other
wafers (eventually, made
of other materials), fol-
lowed by releasing.* ()
These methods require

aligned bonding proce-
dures and a good resist-
ance of the glue joint (9)
during the chip release and
operation processes. To

simplify this sequence, we
investigated the wuse of
metal electroforming to
build a chip body within
an SU-8 photoresist mold,
followed by release
through dissolution of the
silicon substrate. Bonding
of a complementary wafer n) Oxide etching.
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Figure 2. Fabrication of UNCD probes—processing sequence. a) Oxide growth followed by lithography with
mask M1, and then etching in KOH solution. b) Oxidation sharpening. ¢) UNCD and Al deposition. d) Lithog-
raphy (mask M2) followed by Al etching. €) UNCD etching using RIE. f) Al removal. g) After lithography

(mask M3), oxide etching on the back side. h) Ti/Ni deposition followed by patterning (mask M4). Ti layer
(not shown in the figure) used as an adhesion layer between UNCD and Ni. i) SU-8 spin-coating and pattern-
ing (mask M5). j) Ni electroforming. k) Lapping/polishing. [) SU-8 removal. m) Etching in KOH solution.
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cautions in protecting them during removal of the silicon
mold may be required.

The processing steps we employed to fabricate molded
UNCD probes are summarized in Figure 2. The fabrication
started with the formation of an oxide mask (thermal oxida-
tion, 500 nm), which was patterned lithographically by
mask M1 with square openings (12x12 um), followed by
KOH (30%, 80°C) etching of pyramidal pits in the Si(100)
wafer. Several groups of different size squares and rectan-

Figure 3. Image of an anisotropically etched pyramidal hole, after
sharpening by thermal oxidation.

gles were fabricated simultaneously with mask M1, which
corresponded to different alignment marks, such that a
large variety of tip geometries could be obtained. A thermal
oxidation sharpening process at 900°C followed, which re-
sulted in a SiO, layer >1 um in thickness on the {100} sur-
face of the Si wafer. Figure 3 shows one sharpened pyrami-
dal mold that exhibits a central black area corresponding to
the recessed (sharpened) zone. An ultrasonic seeding proce-
dure was applied with a 4-6-nm-grain diamond powder sus-
pended in methanol (5mgL™"), to which the wafers were
exposed for 30 min and rinsed with isopropanol, then ultra-
sonically cleaned in methanol for 5 min and dried. Growth
of the UNCD layer (0.5-1pum thick) was achieved by
MPCVD in a methane-argon gas mixture, which also con-
tained nitrogen in the case of the N-doped films.*"! Next, an
Al mask (80 nm) was deposited by electron-beam evapora-
tion and patterned with mask M2, which defined the cantile-
vers. The pattern was transferred into UNCD by reactive
ion etching (RIE) with an oxygen plasma (30 mTorr,
50 sccm, 200 W), according to a process described in
ref. [32], after which the Al mask was removed by wet
chemical etching. The oxide on the back side was patterned
with mask M3, for subsequent release of the structures. A
top metal was then deposited by electron-beam evaporation
and patterned on the front side, to form a plating base for
the subsequent electroforming of the chip body.

The plating base metal has to suit the electroforming
metal, for example, a 150-nm Ni plating base in the case of
Ni electroforming, or 10-nm Ti/200-nm Au for electroform-
ing of gold. The choice of the electroforming metal is based
on compatibility with the release procedure. Patterning of
the plating base layer (mask M4) is required for avoiding
the presence of the metal in the area adjacent to cantilevers,
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where it may result in metal debris adhering to the cantile-
vers after their release. At the same time, the plating base
pattern has to be continuous, for providing electrical contact
to all the areas that need to be plated. Optionally, the plat-
ing base can be left on the cantilevers, to act as a reflective
coating, provided no electroplating will be performed there.

In our process, a negative-tone SU-8 photoresist layer
(MicroChem Co., 330 pm thickness) was deposited and pat-
terned with mask M5, to form a mold for the metal han-
dling-chip body. For the samples presented herein, we used
gold electroforming, but other metals may be considered for
cost reduction (Ni, Cr) or for special applications including
piezoactuators, where Pt would be the metal of choice to
subsequently grow a piezoelectric layer on top. The electro-
forming of the gold layer was performed in two steps: it
started with the deposition of 3 pm of gold with a neutral
pH Techni-gold 25E (Technic Inc.) sulfamate solution,* to
provide a good adhesion, and continued with the deposition
of the thick chip body from a mildly acid pH Neutronex 309
(Enthone-OMI Inc.) bath. Both processes were performed
at 40°C, with a current density of 1 mAcm™. The metal
thickness ranged between 250 and 300 pm. The gold rough-
ness and incidental sidewall overplating were removed by
mechanical polishing. The SU-8 resist mold was then re-
moved in a piranha solution. The removal of the Si sub-
strate was performed by KOH etching (30%, 80°C), and
the remaining oxide was removed by a buffered HF solution
(BHF). After the removal of the sacrificial silicon mold, the
chips remained suspended on a Si and gold frame, each sup-
ported by two bridges from which they could be easily clip-
ped off using tweezers. The chips containing the UNCD tip/
cantilever structures were ready for mounting in a commer-
cial AFM.

2.2. Characterization of the UNCD Probes

Two types of cantilevers with different designs were fab-
ricated. One featured a high-stiffness triangular cantilever
(Figure 4a) and the other a low-stiffness arrow-shaped can-
tilever (Figure 4b). The length of both cantilevers was
170 um, while the width of the arrow-shaped cantilever was
12 um and the width of the arms of the triangular cantile-
vers was 18.8 um. The thickness of the diamond (UNCD)
was between 0.8 and 1.4 um, depending on batch and wafer-
level deposition nonuniformities. The arrow shape was

Figure 4. a) High-stiffness triangular cantilevers, placed 600 pm from
each other, and b) arrow-shaped cantilevers placed 300 pm from
each other. Images after etching the UNCD.
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MICRO

869


www.small-journal.com

s full papers

870

chosen instead of a simple rectangular cantilever to increase
the reflective area of the probe near the tip while keeping
the stiffness at a minimum. The chip body was of rectangu-
lar shape with dimensions 1.6 x3.6 mm. Four cantilevers of
the same type were placed on each chip, one pair spaced by
300 um and the other pair spaced by 600 um on opposite
sides of the chips (Figure 4). This design follows roughly the
geometry of commercial tips (Veeco, Ultralever). A view of

Figure 5. SEM images of the two types of UNCD cantilevers with tips:
a) arrow shape, b) triangular cantilevers.

Figure 6. Detail of the tip in Figure 5, with inset showing the apex
and a 30-nm-radius circle for reference. The 2—-5-nm-scale grain size
makes us believe that ultimately, the tip vertex is much sharper.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, D-69451 Weinheim
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the two types of cantilevers is seen in Figure 5, while a
zoom-in of the tip apex is shown in Figure 6.

The tips were characterized and sorted using field-emis-
sion scanning electron microscopy (SEM). The high confor-
mality of the UNCD deposition enabled a good coverage of
the pyramidal pits used as molds, which resulted in tips with
a nanometer-scale apex. In most cases very sharp tips were
achieved from protruding features (Figure 6). Due to the
nanoscale grain size (2-5nm) of the material, the ultimate
tip radius could be in the 2-5 nm range.

Examination of the UNCD surface morphology reveals
that film growth is achieved from seeding nanoparticles,
which leads to clustering. As discussed in the context of
UNCD strength,***! a large number of grains are present
in each cluster and imperfections between clusters were ob-
served in the form of voids.®** In the pit area, larger voids
are clearly visible between grain clusters (Figure 6). Growth
of UNCD on ultrasonically seeded SiO, is more challenging
than growth on Si; hence, cluster and void sizes generally
tend to increase. Similar structures, but made of crystalline
grains, have been observed in MCD films grown on side-
walls of pyramidal pits in Si.*” The nucleation of MCD
grains and intergrain gap formation on tilted surfaces were
linked by Scholtz et al.?” to the size of the diamond parti-
cles used in the ultrasonic seeding process. In their experi-
ments, ultrasonic abrasion with 40-pm-diameter diamond
particles produced minimal intergrain gaps on flat surfaces,
while for pyramidal holes, the optimum diamond particle
size for uniform coverage was found to be 1pum. In our
case, the role of film growth is taken by the diamond nano-
particles used in the seeding step, but the nucleation and
growth obeys similar rules. The inset of Figure 6 is a zoom-
in view of one of the top clusters. A coral-like surface mor-
phology is observed.

The surface roughness of UNCD films can be minimized
to values in the 4-7 nm rms range by depositing a very thin
(5-10 nm) metallic layer, for example W, Mo, or other car-
bide-forming material, as nucleation promoter. We found
that SiO, is a more difficult nucleation medium than Si and
results in poor UNCD film adhesion, especially in the case
of doped UNCD. Nonetheless, it is indispensable for maxi-
mum sharpening. In a variant of the processing sequence,
we used an additional lithography step to selectively remove
the oxide prior to the UNCD deposition from all areas,
except the pyramidal pits. For this purpose, mask M1 was
realigned, but using a reversible (negative) photoresist
(Shipley AZ5214E), through which the oxide was removed
in buffered oxide etch (BOE).

The stiffness of the UNCD cantilevers was measured by
the cantilever deflection method, using an AFM probe after
calibration with a reference cantilever of known stiffness.
We measured a stiffness value of 3.6 Nm™ for a 1.2-um-
thick triangular cantilever, and a stiffness of 0.94 Nm™! for
a 0.9-um-thick arrow-shaped cantilever. Knowing the geom-
etry of the cantilever, we could deduce a value of 923+
50 GPa for the Young’s modulus of UNCD, which correlates
well with the value of 960 + 60 GPa measured by membrane
deflection experiments.” The stiffness of the arrow-shaped
cantilever is close to that of one of the triangular nitride
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cantilevers of a commer-
cial nitride probe (tip A of
Veeco SizN, contact-mode
probes, 0.58Nm™'). This
information was used to
perform a comparative test
on the wear resistance of
the tips. For this purpose, a
Digital  Instruments 3100
AFM was used for repeat-
ed scanning in contact
mode. Imaging of a UNCD
surface, 10x10 um in area,
was performed with a con-
stant force of 30 nN. The
scanning of the UNCD tip
was performed on the sur-
face of a UNCD film de-
posited on Si for the pur-
pose of accelerating the
wear tests. The tests were
run for UNCD and Siz;N,
tips. The tips were imaged
before and after the test using a field-emission SEM (LEO
Gemini 1525). After one hour of scanning, the nitride tips
showed visible wear, while the UNCD tips showed no ap-
preciable change (Figure 7). The degradation of the silicon
nitride tip could also be detected in the quality of topo-
graphic AFM images, while the images recorded with the
UNCD tip showed no appreciable change.

In an attempt to find the dominant wear mechanisms in
UNCD, we looked for changes in the diamond tip after long
scans performed for 3 h with an increased constant force of
50nN wusing the triangular-shaped UNCD cantilever.
Figure 8 presents a view of the tip apex before and after the
wear experiment. One can notice the absence of a relatively
large portion of the tip apex and debris gathered on the
sidewalls of the pyramid. The geometry of the worn tip sug-
gests that the observed wear seems to be controlled by dis-
lodgment of a cluster of UNCD grains as a result of inter-
cluster cracking, rather than by atom-by-atom removal at
the atomic scale. This finding shows that to increase the
wear resistance of UNCD probes, one has to optimize the
intercluster strength or eliminate the formation of clusters.
The role of seeding in UNCD surface morphology and
strength is discussed in refs. [25,35]. The elimination of clus-
tering would also have a positive impact in obtaining
smoother, high-conformity filling of the mold template with
diamond, thus resulting in sharper tips with controlled ge-
ometry at the nanoscale. Research on optimization of seed-
ing and deposition parameters is under way and will be re-
ported in a future manuscript.

A vibration test on the arrow-shaped UNCD cantilevers
was performed using a Polytec vibrometer in differential in-
terferometric mode (the reference beam on the chip body
and the measuring beam on the cantilever). The first three
resonant frequencies were measured at 32.2, 52.31, and
53.94 kHz, respectively (movies are provided as supporting
material®). The first and the last vibration frequencies cor-
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Figure 7. Si;N, tip before (a) and after (b) the wear test, showing damage. UNCD tip before (c) and after (d)
the same test, showing no visually detectable damage.

Figure 8. High-resolution SEM image of a UNCD tip before (a) and
after (b) a prolonged wear test. The absence of portions of the mate-
rial roughly following the intercluster contour line suggests that fail-
ure happens mainly by detaching of clusters, rather than by continu-
ous smooth wear.

respond to vibration modes in which the pyramid axis oscil-
lates with rotation around the perpendicular to the chip sur-
face. The intermediate frequency corresponds to a motion
in which the pyramid axis oscillates without rotation, that is,
it remains perpendicular to the chip surface during the
whole motion. This vibration mode is well-suited for AFM

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, D-69451 Weinheim
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techniques involving cantilever oscillations perpendicular to
the surface being scanned (tapping mode).”” Note that the
high stiffness achievable with UNCD cantilevers makes it
possible to increase the working frequencies, with obvious
benefits in sensitivity and resolution.

2.3. AFM Imaging and DPN Tests

The performance of the UNCD AFM probes is illustrat-
ed by DPN writing and lateral-force friction measurements.
For DPN, the UNCD tip was dipped into a 10 % mercapto-
hexanoic acid (MHA) solution in acetonitrile, dried, and
mounted on the AFM head (Digital Instruments 3100).
Writing was performed on the surface of a freshly deposited
gold thin film (100 nm Au electron-beam-evaporated onto a
microscope glass slide) with in-house-developed software.

Figure 9. “UNCD” written with MHA on a freshly deposited gold film
using a UNCD triangular-shaped probe. The line width is 200 nm.
Imaging of the MHA pattern was performed with the same UNCD tip
in lateral force mode.

Writing of the letters U-N-C-D with the molecular ink was
achieved with a line width of about 200 nm (Figure 9).

The writing speed, which is controlled by the rate of mo-
lecular diffusion, was compared between the UNCD arrow-
shaped and commercial nitride tips by performing static
contact depositions of MHA dots on Au, with contact times
of 5, 10, and 20 seconds. Both experiments were run under

Figure 10. a) Three MHA dots on gold, obtained by contacting the
surface for 5, 10, and 20 s with the arrow-shaped UNCD probe (from
top right to bottom left). The image was recorded with the same
probe in lateral force imaging mode. The diameters of the dots are
360, 540, and 710 nm, respectively. b) These 80-nm-diameter dots
are the best-resolved features obtained so far.

872 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, D-69451 Weinheim
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Figure 11. Graph showing the diameter of the MHA dots obtained
with UNCD and Si;N, tips in similar mode, as a function of contact
time. Continuous fits were made as square root functions Y=At"?,
and showed a good agreement with the model of Jang et al.¥

similar conditions (contact force 50 nN, humidity 50+5%,
temperature 23°C). The results are shown in Figures 10 and
11. The UNCD tips showed a slightly faster deposition rate,
but within the limits of variability encountered among dif-
ferent nitride tips. This result is consistent with the wetting
properties of diamond, which is slightly more hydrophilic
than silicon nitride. The smallest features we could write so
far with UNCD tips, by using the DPN technique, were 80-
nm-diameter dots (Figure 10b).

The imaging of the DPN-deposited dots and letters was
performed in all cases with the same tips used for deposition
by running the instrument in frictional force mode. This pro-
cedure also demonstrates that the developed UNCD probes
produce high-quality frictional force AFM images.

Experiments conducted in our laboratory also showed
that the UNCD tips can be used to write by scratching the
relatively soft gold surface. In this continuous writing mode,
the tip is moved between a discrete number of points while
keeping it in contact mode at relatively high contact force.
The result of such a scratch test is shown in Figure 12.

Scratch

Figure 12. AFM topography image of a scratch on a gold surface

obtained by translating a UNCD tip in contact mode between two
specified points.
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3. Conclusions

Sharp UNCD probes were fabricated by molding into
oxidation-sharpened pyramidal pits etched in silicon togeth-
er with metal electroforming to build the handling chip.
SEM imaging indicated that the UNCD tips have radii of
about 30 nm. The UNCD cantilevers and tips were charac-
terized by SEM (for geometry), AFM deflection (for stiff-
ness), and optical interferometric vibrometer (for resonant
frequencies). A preliminary wear test was performed, which
showed that the UNCD probes exhibit a far superior perfor-
mance to that of currently available commercial silicon ni-
tride tips. The wear mechanism of the monolithic UNCD
tips appears to be dominated by detaching of grain clusters
from the tip rather than by atomic-scale erosion of surface
atoms. Research on optimization of seeding and deposition
parameters is currently under way to further exploit the full
potential of UNCD as a material for producing high-stiff-
ness, low-wear monolithic tips for AFMs or large tip arrays
for massive parallel fabrication of large arrays of nanostruc-
tures.

We demonstrated the feasibility of achieving superior
AFM contact-mode imaging, DPN writing with MHA mole-
cules on gold substrates, and lateral-force-mode imaging by
using UNCD monolithic tips. Resolution and writing per-
formances similar to those obtained with commercial silicon
nitride tips were obtained. Furthermore, we showed that the
probe material and fabrication technique are particularly
suitable for integration in one- and two-dimensional arrays
of probes.
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