Atomic force microscopy of nickel dot arrays with tuning fork
and nanotube probe
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The advantages of tuning fork scanning force microscopy are combined with the unique properties
of carbon nanotubes to improve the spatial resolution of atomic force microsaéy) images of

nickel dot arrays. These arrays have high relief features that prevent the resolution of the actual dot
size and shape with a regular cantilever tip. The modification of two key parts of a commercial
AFM, the force sensor, and the probe allowed the acquisition of true data on feature size and shape.
AFM images of Ni dot arrays were taken using conventional optical detection of a commercial
cantilever, tuning fork with attached commercial cantilever tip, and tuning fork with attached
multiwalled carbon nanotube. The resolutions of the AFM images were compared, and it was shown
that probing with a carbon nanotube provided a 30% improvement of lateral resolution compared to
a conventional AFM tip. ©2003 American Vacuum SocietyDOI: 10.1116/1.1539066

In atomic force microscop¢AFM), researchers have tried cone shaped have a radii of curvature of about 20 nm, and
to achieve higher-resolution images by improving force senaspect ratios of 3:1. These characteristics however, might not
sor properties and tip characteristics. Optical detection obe good enough in the case of samples with high relief, when
cantilever deflection is the most common method of forcethe tip cannot probe the area between high individual fea-
detection employed by commercial instrumehiEhis tech-  tures. The shape and size of the imaged features can reflect
nigue has proved to be very reliable and applicable at ambithe tip profile rather than the features themselves. To enable
ent conditions for most samples. However, scientists oftem precise measurement of the force between the tip and a
want to apply AFM techniques in environments or for ob-deep valley in the sample, we need a tip that is both ex-
jects where the currently available possibilities are nottremely sharp and long. The first candidate for such a tip is a
enough. Recently, a technique based on the properties of piarbon nanotube, in particular, a single-walled carbon nano-
ezoelectric tuning fork quartz oscillators has been used itube. The fabrication and advantages of using nanotube tips
scanning force microscop{8FM).2 This technique exploits in different SFM applications are well describe¥In the
the very high mechanical quality fact@(10°—10°) of the  present article, we report on AFM studies of Ni dot arrays,
tuning fork and offers high sensitivity to pN forces when theand compare resolutions of AFM images taken with regular
sensor is driven at its mechanical resonance frequ&iidp ~ cantilever tips, and tips consisting of multiwalled carbon
addition, tuning forks are small and can operate in an UHWhanotubes.
and at low temperatures with fully electronic control that In our experiments, we used a ThermoMicroscopes Ex-
significantly simplifies the design and technical requirementglorer AFM equipped with a Zum tube scanner that allows
of the experimental setup. one to acquire topography images with minimum distortion.

In all of the applications where tuning forks are used as al'he detection method was based on either laser beam deflec-
force sensor, an appropriate probe is attached to one of tH#®n from the back of a commercial AFM cantilever, or a
tuning fork prongs. For example, etched wires and the tips ohome-made tuning fork detector interfaced to the electronics
commercial cantilevers have been used as tips on tuning forgnd software of the Explorer; the details of the latter tech-
transducers. For optimal resolution, the radius of the curvabique have already been described elsewh&. the tuning
ture and aspect ratio are most critical characteristics of thérk transducers, we employed commercial tuning f&tks
AFM tips. The use of probes with small radii of curvature With a resonance frequency of2Hz, and a spring constant
and large aspect ratios provides the best spatial resolutio@f 3700 N/m. An ultrasharp cantilever tip from commercially
Commercially available Si or N, tips of a pyramidal or available chip& was glued to the end of the tuning fork face

surface with cyanoacrylate gldélhe silicon tip had a radius
acurrent address; Department of Chemistry, Northwestern University, EvanOf curvature of less than 10 nm, a cone angle of 20°, and a
ston, IL 60208; electronic mail: s-rozhok2@northwestern.edu height of 20um. The small size of the cantilever tip mini-

YAuthor to whom correspondence should be addressed: electronic maiFnized the modification of the tuning fork characterisﬁcs
v-chandrasekhar@northwestern.edu )

9Current address: Intel Corporation, M/S RA1-329, 2501 NW 229th Ave.,FOr the nanotips, a multiwalled Ca_rbon nz::motube_ was
Hillsboro, OR 97124. mounted on the end of a commercial cantilever tip by

323 J. Vac. Sci. Technol. B 21 (1), Jan/Feb 2003 1071-1023/2003/21(1)/323/3/$19.00 ©2003 American Vacuum Society 323



324 Rozhok et al.: Atomic force microscopy of nickel dot arrays 324

~
N

Height (nm)
Q

0 —
0 155 310
Distance (nm)
1000] ' - ‘
444447 NI
4’ > ,a‘ | £ . ;
2P E | /N )
;o 500 /1‘/ . JV
PPy JE - -
Fic. 1. TEM image of carbon nanotube attached to the end of uItrasharpb) ),}, / \/
commercial Si tip. The size bar corresponds tarf. ’ V' . 0 T - - T
onm : 0 138 276
Distance (nm)

1000 62 :
electron-beam welding, using a special three-dimensional na N oA
nomanipulator within a transmission electron microscope E ; /\
(TEM) chamber. The process will be described in detalil = 31
elsewheré? Figure 1 shows a scanning electron micrograph 2

T

of the resulting commercial cantilever with a mounted car-

bon nanotube. C)
The samples that were imaged consisted of arrays of Ni  onm

dots of different diameters and interparticle spacing. These

were fabricated by electron-beam lithography for ferromag'FlG. 3. Topography images of the dot arrays and cross sections of the fea-

netic resonance studié$The results discussed next Were tures observed in AFM studies by usife conventional optical detection

obtained from a sample having the following parameters: dotechnique and pyramid-shaped tip) tuning fork with attached commercial

diameter 45 nm, dot height 60 nm, and spacing between dotdtrasharp AFM cantilever, angt) tuning fork with attached carbon nano-

150 nm. Figure 2 shows a scanning electron microscopteu ¢

(SEM) image of the pattern and a sketch of the structure

profile. For samples with such high relief, it is difficult ©0 There are two main factors that restrict the resolution of
distinguish individual features using commercial cantileveragp systems in noncontact operation mode: The character-
tips, as the characteristics of the tip shape are convolutediics of the tip itself, and the tip—sample interaction. The
with the sample features. As an example of the strong effecrect of the tip profile has just been discussed. With regard
that the tip shape has on topography data, we show in Figq he tip_sample interaction, commercial cantilevers have
3(@ an AFM image of a part of the array shown in Fig. 2, rg|atively small spring constanté2 N/m), which restrict the
taken by conventional optlcgl detectlpn teqhnlques iN NONtinimum distance above the sample at which they can be
contact AFM mode. The profile and dimensions of each dogherated. At smaller distances, the strong tip—surface inter-
clearly represent the pyramidal shape of the probe, whichction may pull the tip into the surface. To overcome the
was a three-face pyramid-shaped Si tip with the radius of it$;ter problem, we used a high spring-constant tuning fork as
apex about 25 nm. the detection mechanism. A larger spring constant allows op-
eration under stronger tip—sample interaction forces without
the possibility of the tip crashing into the surface due to
. . . short-range attractive van der Waal's interactions. This
means one can drive the probe very close to the sample sur-
face, improving the resolution of the image. Figuré)3
which is an image taken with a tuning fork with a commer-
cial cantilever tip, illustrates the higher resolution that can be
achieved with a tuning fork. The spatial resolution of the
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D f 45 nm features achieved with the tuning fork is similar to the SEM
H =60 nm data. However, as can be seen from the image cross section
P =150 nm in Fig. 3, the lateral resolution of the shape and dimensions

Fic. 2. SEM image of Ni dot array and sketch of feature geometrical char—Of the dot is Som_eWhat C.“ﬁ.eren.t compared to the Ilthography
acteristicsD is the diameter of the particleb is the height, and® is the ~ Pattern. The ability to distinguish the shape and size of the

spacing between particles. dots is limited by the probe characteristics. In the noncontact
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mode of tuning fork operation, attractive van der Waal's In conclusion, a combination of a tuning fork and a car-

forces are detected, as the probe gets closer to the samglen nanotube mounted to the end of commercial cantilever
surface. The resulting force is a sum of forces affecting theip provides 26% better resolution compared to regular com-
tip in the normal and lateral directions. The lateral force ismercial cantilevers. We show that the use of a tuning fork
associated with interaction between the tip and the side adfind carbon nanotube opens new possibilities in the study of
each dot. In the case of structures with high relief, the laterabbjects in different environments.
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