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A problem in scanning probe microscopy (SPM) is the unknown shape of the probing tip. Generally,
the image is a convolution between the shape of the tip and the surface. Information of the shape of
the probe may be gained by imaging very sharp tips. Here we present a method for making
two-dimensional arrays of very sharp tips. The tip arrays were made of silicon using electron beam
lithography with subsequent ion-beam etching. To achieve the best possible resolution, ultrasonic
excitation was used during development of the bilayered PMMA resist. Thus, openings in the resist
with size nearly equal to the spot size of the writing e-beam have been obtained. A further decrease
of the radius of the tips was obtained by the choice of appropriate thickness for the masking NiCr
layer. The tips were conical with a height up to 100 nm with a radius of the tip down to 10 nm. The
tips were suitable for study of the shape of AFM probe tips, under condition that the tip array
samples were rinsed in water prior to the measurement. Without the rinsing procedure, strong
sticking forces between the probe and the sample would have eroded both of them. The regularity

of the array provided an easy way to calibrate the lateral motion of the scanner.

I. INTRODUCTION

Scanning probe microscopes (SPM) is a growing family
of instruments that scan with various sharp probes over
samples to obtain images of the surface. The earliest and the
most developed is the scanning tunneling microscope
(STM).! In the STM, the tip to sample distance is kept con-
stant by a feedback system using piezoelectric actuators. By
scanning the tip over the surface, a map of the surface is
obtained from the feedback signal. Inspired by the success of
the STM, a number of other scanning probe microscopes
have been developed.” The atomic force microscope (AFM)
invented in 1986 by Binnig et al.* is one of the most com-
mon of these microscopes. In the AFM, a sharp tip is
dragged along the sample, similar to an ordinary profilome-
ter, but with a much less force applied (about 10 nN). The
AFM image is built up from contours of constant tip—sample
force. (see Fig. 1).

A general problem in all these SPMs is.the . unknown
shape of the tip, that is eventually convoluted with the shape
of the sample.*~'* To make an in situ measurement of the tip,
one could image a surface with structures that are. sharper
than the probing tip, giving, in the ideal case with delta func-
tion peaks protruding from the surface, an image of the prob-
ing tip:

There are several techniques for making samples covered
with sharp tips, for -example, evaporation of a material
through micrometer sized holes,'* localized deposition viza
chemical vapor deposition process,'® and etching of silicon
surfaces.'®!” However, work on structures or tip arrays dedi-
cated for analysis of SPM tips have only recently been
made.*>!"!

Such a structure for tip imaging was recently reported by
Montelius and Tegenfeldt.'' They made samples consisting

*Published without author corrections.
“Also at Institute of Chemical Physics, University of Latvia, LV-1586 Riga,
Latvia.
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of cylindrical tips with a diameter of approximately 40-50
nm and a height of 120 nm. Their tips were made by plasma
etching an InP sample partly covered with aerosol-produced
silver particles which served as an etch mask. Another re-
ported structure for tip imaging is an array of micrometer
sized polysilicon pillars having undercut sidewalls.*> Here a
method for making a regular two-dimensional array of sharp
silicon tips is presented together with illustrating AFM im-
ages.

Il. EXPERIMENTAL
A. Tip array fabrication

Electron-beam exposures were performed in a JEOL IBX-
5DIl with LaB, cathode. The electron-optical system was
adjusted to give a beam diameter of 10—12 nm FWHM. The
acceleration voltage was 50 kV. The tip arrays were exposed
as dots with displacement accuracy of 5 nm provided by the
exposure tool. A lift-off process with double layer PMMA
resist'® was used to fabricate NiCr protection mask on silicon
for subsequent chemicaily assisted ion-beam etching.

The bottom resist layer was spun from 2.9% solution of a
185 K PMMS in xylene to produce a film of approximately
50 nm thickness. After baking of the bottom layer for several
minutes on a hot plate the top layer was applied. The top
layer resist was 1.8% solution of 4 350 K PMMS in xylene.
Poor solubility of PMMA in xylene prevented intermixing of
the top and the bottom layers. The double layered resist was
finally baked on the hot plate for 10 min at 170 °C. The
exposure dose per dot was 1-1.25%107'® C. which corre-
sponds to surface dose of 200-250 xC/cm”.

An ulirasonic excitation during development of the resist
by 10% water solution in IPA was used to provide higher
contrast and thus better aspect ratio in the narrow pitches.
The ultrasonic helps to untie dissolved polymer molecules at
the pitch bottom, where due to a big surface curvature the
surface tension makes the molecule’s release harder.'’
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FiG. 1. {a) Principle of the fabrication of the tip array. (b} AFM probe
imaging principle using a tip array.

A 15 nm layer of NiCr was thermally evaporated on the
developed resist in vacuum with residual pressure of 107°
mbar. The lift-off was made in 60 °C warm acetone, again
with the assistance of the ultrasonic bath. The resulting NiCr
pattern on the silicon was then used as a mask for ClI assisted
Ar ion milling. Ar ions with an energy of 500 eV were used
at normal incidence. The chlorine gas was fed through an
O-shaped pipe with small holes evenly distributed over the
circumference. The pipe was fitted near the substrate surface
symmetrically around the ion beam axis. The ion current and
the chlorine flow were chosen to provide the steepest slope
of the etched profile.

B. Atomic force microscopy

Commercially available scanning probe microscopes
{Nanonscope III by Digital Instruments, Santa Barbara, CA,
and Universal System by Park Scientific [nstruments, Sunny-
vale, CA) were used in the experiments. The tips used were
standard Si;N, tips (Digital Instruments or Park Scientific
Instruments) or sharper silicon tips (Ultratips, Park Scientific
Instruments, and Nanoprobes, Digital Instrument). The Si3N,
tips had an aspect ratio of about 1:1 while the sharper silicon
tips had a cone angle of 20° and a radius of 20 nm. The force
applied in all images was between 5 and 20 nN and the scan
frequency was between 0.2 and 1 Hz. Force calibration was
performed before each run. The shapes of the AFM-tips were
estimated by scanning electron microscopy (SEM).

{lii. RESULTS AND DISCUSSION

The asray tips had a height of 100 nm and a radius of
10-25 nm as revealed from SEM images (Fig. 2). The base
had a diameter of about 35 nm giving an aspect ratio be-
tween height and base up to 1:3. This could be compared to
the Si3Nj tips with a radius of 50-100 nm and an aspect ratio

J. Vac. Sci. Technol. B, Vol. 12, No. 6, Nov/Dec 1994

FiG. 2. SEM image of the Si tip array. Tilt angle is 60°.

close to 1:1. The sharper Si tips have a radius of about 20 nm
and aspect ratios of about 1:3. The area of the sample cov-
ered with tips was only 10X10 um?’, however, this area is
easily found using an optical microscope.

Figure 3(a) shows an SEM image of a contaminated Ul-
tratip before AFM scanning. The AFM image [Fig. 3(b)]
shows clearly the corresponding probe images. Figure 3(c) is
the SEM image of a Nanoprobe AFM tip and in Fig. 3(d) the
corresponding AFM image is shown.

Figure 4(a) shows an AFM image of the tip array taken
with a fresh Si;Ny tip. During scanning the array tips were

Fi. 3. {a) SEM image of a comaminated silicon Ultratip taken betore AFM
imaging. The small white square indicates the parts of the AFM tip that are
measured by the tip array. (b) The AFM image of the tip array using this tip.
The height scale is 110 nm/div. (¢) SEM image of a silicon nanoprobe taken
before AFM imaging. (d) The AFM image of the tip array using this tip. The
height scale is 130 nm/div.
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FiG. 4. AFM images showing the etching effect on the tip array using a
Si;Nj tip. Distance between tips: 100 nm. (a) Image after one scan. (b) After
42 scans the image is strongly altered. (c) After 192 scans. (d) Image with a
larger scan area which contains the smaller areas shown in (a)-(c). The
small areas have been scanned 290 times. Note also that the tip has been
changed by comparing (a) and the nonscanned area in (d). The height dif-
ference between the tips in scanned and nonscanned area is 40 nm. (The
force constant of the cantilever was 0.032 N/m, the tip-sample force was 3
nN, and the scan frequency was 0.8 Hz.)

eroded, and after 48 images in the same area the image has
changed dramatically [Fig. 4(b)]. Prolonged scanning re-
sulted in a further degradation [Fig. 4(c)]. The etching effect
is clearly seen in the larger scale image [Fig. 4(d)]. The
scanning tip has also changed as seen from a comparison
between Fig. 4(a) and the nonscanned region in Fig. 4(d).

This etching effect is a common problem in scanning
probe microscopy and a great deal of work is going on to
increase the understanding of these phenomena and even to
explore the effect in order to create nanometer sized struc-
tures. In our case the sticking force between the Si surface
and the Si or Si;N, tip is too large, resulting in poor quality
of the images. To image Si successfully we rinsed the sample
in distilled water prior to imaging. Figure 5 shows an AFM
image of the array after rinsing in distilled water. No erosion
effect was observed during the 2 h that the imaging was
performed.

Another way to circumvent the problem with the strong
sticking force between tip and sample is to image using the
so-called tapping mode.? In this mode the tip is not in con-
tact with the surface during lateral translation; instead the tip
is made to oscillate along the Z axis. Figure 6 shows an AFM
image taken in the tapping mode. The characteristic triangu-
lar shape of the silicon tip used in the tapping mode is clearly
visible. During the experimental run (about 1 h) any degra-
dation of the tips was not observed.

Other materials can be used for making tip arrays. To

JVST B - Microelectronics and Nanometer Structures

FIG. 5. AFM image of the tip array after rinsing the sample in water. Dis-
tance between tips: 100 nm. No degrading tip was observed during scan-
ning. (The force constant of the cantilever ws (.21 N/m, the tip-sample force
was 5 nN, and the scan frequency wsa 0.5 Hz.)

avoid the above mentioned problems with sticking to the
silicon surface, other materials like Al.O;, MgF,, or glass
may be used. For STM-tip characterization a nonoxidizing
metal could be used.

The necessary recalibration of the piezo scanners is easily
accomplished using these tip arrays. A lateral accuracy of §
nm is provided by the lithography tool.

FiG. 6. Tapping mode AFM image of the tip array showing the characteristic
triangular shape of the special tip used in this imaging mode. Distance
between tips: 100 nm. No degrading was observed.
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IV. SUMMARY AND CONCLUSION

A method to make two-dimensional arrays of sharp tips of
silicon has been demonstrated. The tips have a radius of 10
nm and an aspect ratio of 1:3. The tip arrays are suitable for
examining the shapes of AFM tips under condition that the
tip array sample is rinsed in water prior to measurement.
Without the rinsing procedure the strong forces between the
probe and the sample will degrade both of them. The regu-
larity of the array provided an easy way to calibrate the piezo
for lateral motion.
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