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Compact coarse approach mechanism for scanning tunneling microscope
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We report on the design and fabrication of a coarse approach mechanism, called a piezotube walker,
based on a piezoelectric tube moving inside a triangular prism shaped cavity. This walker walks like
a six legged insect moving its legs one by one and then the belly following. The walker works in
any orientation from horizontal to vertical and its motion is found to be linear with the applied
voltage above a threshold voltage. A compact scanning tunneling micro€8dpe was fabricated

using this approach mechanism. The scanner tube of the STM is mounted on the inside of the walker
tube, reducing the size of the STM considerably. Topographical images with atomic resolution were
obtained for layered materials like graphite and NhS&® 2001 American Institute of Physics.
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I. INTRODUCTION much. A mechanism, called “piezoelectric motor,” was de-

) o o ) veloped recently by Pan based on a sapphire prism being

Ever since its discovery by Binnig and Rohtescanning pushed by six stacks of shear mode piezoelectric pfates.

tunneling microscopeSTM) has been proven to be an ex- haye developed an approach mechanism based on a similar
cellent instrument for studying the conducting surfaces a”‘ﬂ)rinciple but implemented in a simpler and less expensive
th_eir ele<_:tronic prope_rties. It has_ been successfully L_jsed for\g\l,ay_ Our piezotube walker uses a piezoelectric tube, which
wide variety of materials from simple metals to exotic mate-¢4\yis on the inside of a triangular prism shaped cavity. This
rials like superconductors, charge—denS{ty waves,_etc. S'”Cefpproach mechanism can be used in any orientation from
STM operates at subnanometer level distances, its mechanjariica| to horizontal and it makes the STM much smaller in

cal design plays a very crucial role in its performance ingj e a5 the scanner piezotube can be accommodated inside
terms of sensitivity, rigidity, and noise. One important part of .o \\aiker tube.

the STM that affects its design and performance extensively
is the coarse approach mechanfsrthis mechanism is
needed to bring the tip and the sample surface within thél. DESCRIPTION

range of the scanner piezecl um), starting from a separa- A piezoelectric tube with the specifications given in
tion of about a few millimeters. Therefore, the purpose Ofrapie | was used to make the piezotube walker. Six identical
this piezotube walker is to provide the needed Iong-rang%_g mm long sectionghree at each endvere cut along the
motion with submicrometer resolution. The sensitivity of a,yis of this tube as shown in Fig. 1. In this way the tube has
STM to the mechanical noise is determined by its compactyree parts, the two ends that are sectioned and the central
ness and rigidity. This puts severe constraints on the desigfynnected part. Each of these sections can be independently
of the coarse approach mechanism. , expanded or contracted by applying a voltage between the
A number of coarse approach mechanisms have be&fner and outer electrodes after separating the nickel elec-
used in the past. One common technique is to deform thgoges However, to simplify the electronics, the electrodes
piezoelectric actuators - periodically to provide a One-yere arranged as described in the next paragraph. The elec-
dimensional motion. This has been implemented in severglica| and mechanical parameters for each of these sections
different ways. In a technique called inertial approachyq given in Table II. A circular sapphire disk of 5 mm di-
mechanisri,a carrier is moved on a pair of rails by shaking ameter and 0.5 mm thickness was attached using Torr8eal®
the rails back and forth with asymmetric accelerations. Al'epoxy at the end of each of these six sections as shown in
though this technique is restricted to work in horizontal pIaneFig_ 1.
only, it has been used widely because of its simplicity. Vari- = e oyter nickel electrodes of the left-end sections were
ants of this method have been developed, but they are not @8arated from rest of the inner electrode of the tube. Simi-
simple and versatile. An example is the electrostatic Iousqaﬂy’ inner electrodes of the right-end sections were sepa-
used by Binniget al,” however, it is restricted to horizontal yateq from the rest of the outer electrode of the tube. This
motions only and it makes the STM quite bulky. Some recenkgparation of electrodes is shown in Fig. 1. After this sepa-
variations include the use of magnetic clampingmechani-  ation. the inner electrodes of left-end sections are still con-
cal spring forcé to create friction and to hold the carrier on ected to that of the central part of the tube and similarly, the
vertical surfaces. Inchworfil can work in any orientation 4y electrodes of the right-end sections are connected to
but it is expensive and it does not reduce the STM size Verya of the central part of the tube forming two big electrodes
on the inside and outside of the tube. These two electrodes
¥Electronic mail: kwng@pop.uky.edu are connected to each other using a copper wire, which in
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TABLE |. Specifications of the walker tube. TABLE II. Physical parameters for a cut section of the walker tube.
Material: PZT-5H Section length|: 8.9 mm
Diameter,d: 12.5 mm Cross-section ared: 12.4<10 ¢ m?
Thicknesst: 1.0 mm Spring constantC, (=Y A/l): 8.5x 10" N/m
Length, L: 2.5 mm D(=dal/t) 2.4x10°m/vV
ds; —2.74x107 0 mpv E(=C,D): 0.2 NV
Y 6.1 10'°N/m?

, cavity should not be changed. The top plate can be removed,
turn forms the ground lead for the voltage applied on the,,j pag peen removed several times, since the flexibility of
other six electrodes. In this way, one end section can bge 14, piate due to springs ensures that the top plate stays
expanded while the other enq section can.be contracted %rligned parallel to the top two sapphire disks. However, care
vice versa for the same polarity of the applle.d voltage rela; ust be taken in putting it back in terms of alignment and
tive to .the ground V\'/hll|e .the centr.al part remains unchaﬂge%htenmg the four screws equally. An unequal tightening of

This tube was fit inside a stainless steel triangular PriSMpa screws can give rise to an asymmetry in the walker mo-
shaped cavity with polished internal surfaces as shown i'?ion; however, this can be corrected by measuring the push-
Fig. 2. The numbers in parentheses in the text refer to thosi(ﬁg force on the tube in both directions, backward and for-

in Fig. 2. This cavity is made of two pie_ces, th_e bOttomWard, using a force gauge and tightening or loosening the
V-shaped part5) and the top plat€2), forming a triangle. screws as necessary.

The bottom part(5) is further composed of two identical
pieces, which are rigidly put together using two scrénast
shown in Fig. 2. This is done to access the two surfaces for!ll- OPERATION

polishing. The top plate and the bottom V-shaped pieces  ap electronic circuit was specially constructed to oper-
comprising the cavity are put together using two sets of steelye this walker and has six synchronized voltage outputs. A
springs(9,10 and a set of screwdl) in a differential con-  ygltage step is applied to each of the six sections of the tube,
figuration. The top spring10) is stiffer than the bottom one e py one, moving them along the same direction. Then the
(9). These springs help in controlling the force applied on theg|tage on each leg is slowly brought down to zero at the
p|ezoelgctr|c walker tubéB) and in aligning thls tube |n§|de same time(as shown in the inset of Fig).3This constitutes
the cavity. The force on the tube can be adjusted by tightengne step of the piezotube walker. The direction of motion can
ing the screwsl); thls_m tu_rn determ_lnes the frictional force be controlled by the polarity of the applied voltage. The mo-
on each of the sapphire disks. In this way the tube makes siton, of this walker is similar to that of a six legged insect
contacts with the three surfaces of stainless steel Ccavithoving its legs one by one and then the belly following.
through the sapphire disks. The electrical connections to the Suppose that a section of the walker tube has a cross-

tube are made using thin insulated copper wires. The oth&fectional ared, thickness and length, the spring constant
ends of these wires are connected to small circuit board posts

anchored to the stainless steel badsvity). These wires are
coiled to allow some flexibility to accommodate the motion
of the tube.

For the walker operation, it is important that three pairs
of the sapphire prisms are parallel to the three faces of the
cavity. To ensure this, the epoxy, to attach the disks to the
tube, is applied after aligning the tube and the disks inside
the cavity and putting the whole walker assembly together.
After this step, to keep the alignment intact, the lower part of
the cavity(which is made of two pieceéshould not be dis-
mantled and also the walker tube’s orientation relative to the

|y

1 cm FIG. 2. STM assembly(1) stainless steel screws to put the cavity together,
(2) top stainless steel plat€) scanner tubg4) tip holder,(5) stainless steel
FIG. 1. Walker tube showing the sectioning of the two ends, sapphire disk&-shaped cavity(6) sample holder platéy) Teflon screws(8) walker tube,
and the arrangement of nickel electrodes. A 1 cm long bar at the bottom i§9), (10) springs. A 1 cm long vertical bar on the bottom left corner is
included to show the scale. included to show the scale.
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0.40 TABLE Ill. Linear fitting parameters for the walker motion.
035 |- g F=21N F=4.1N
~ o[ ¥ g De(X10° m/V) 1.87+0.04 2.02+0.08
5 = Vi(V) 38.4+2.3 97.3+4.3
g 0.25 | FI6E (expectedV,) 1.8V 3.4V
)
= 020
3
@ 01s - two different forces was made, the results of the fit are plot-
o0 L ted in Fig. 3 and a summary of the fitting parameters is given
B F=21N in Table 1. _ .
005 |- ® F=4IN The two values oD agree with each other and with the
RS I SR LA R R A calculated value of 2.0810 °m/V [Eq. (1)] within error.
o 50 100 150 200 250 From the measured value &f the expected threshold volt-
Voltage step (V) age isF/6E, as listed in Table IlI; there is a surprisingly big

disagreement here. The actual threshold voltage is more than
FIG. 3. Per step motion of piezotube walker as a function of the magnitudeg magnitude |arger than the expected value. :Patutibuted
of the voltage step. The two lines are the linear best fits with the parameterg, |~ large discrepancy in threshold voltage for his inertia
given in Table Ill. The inset shows the voltage waveform used for the A . L -
walker motion; six vertical lines show the voltage steps for six sections ofWalker to the deviations from the normal static friction limit

the walker tube and the later part of the waveform is same for all thewhen operating at such small-scale motions.
sections.

IV. STM

of the section will be given byCle_A/I, where' is the A STM was fabricated using this piezotube walkeee
Young’s modulus of the tube material. If a voltagé, is Fig. 2). The scanner tub) of the STM was mounted on the
applied on an unrestrained section, it expands in length by,side of this walker tube using a spacer. This is another
Ax=DV, whereD =dj,l/t. However, when a voltage is ap- advantage of this design in terms of further reducing the size
plied on a restrained section, as in the present configurationy this STM. The tip holdex4) was made using a machine-
it exerts a force on the sapphire disk given by,EV, where  gpje ceramidMaco®l) and it was mounted on the scanner
E=C,D. These parameters for the walker tube have beefhe holding the tip at the center. The preamplifier was
calculated as shown in Table Il. If the fordg,exceeds the ounted very close to the tip to minimize the noise pickup.
frictional force, the sapphire d@sk even_tually movesd¥,  The sample holder platé8) was attachedbut electrically
=De(V—Vy). HereD, is effectiveD adjusted by the force jgpjateq to the stainless steel cavity using Teflon screws
constant of the rest of the tube a¥dis a friction dependent (7) as shown in Fig. 2. This STM is small enough to fit inside
threshold voltage. The rest of the tube has a force constant - ,pe of side 1.5 in. The STM was placed on a platform
C=5C,+C,, whereC, is the force constant for the central hanging from an air suspended vibration isolation table.
part, which is~3.5C, for the present geometry of the walker  The electronics and the software used with this STM
tube. Therefore, were from RHK Technology. The approach triggers in about
D,=D/(1+C,/C)=2.08 nm/V, ) 10 min if the starting distance between the sample and the tip

hence, the motion per stép of this walker can be described
by a linear relation:

y=De(V—Vy), 2

where the threshold voltagey;, can be written asv,
=F./E, with F, as an effective friction force on each sap-
phire disk.

The walker was tested for its motion using an optical
microscope. Although we tested it in horizontal as well as in
vertical orientations, the results presented here were taken in
horizontal position. The number of steps were counted for a
known amount of displacement and thus the motion per step
was calculated. As pointed out earlier the frictional force
could be adjusted using screws(Eig. 2), this force was
measured using a force gauge by pushing the tube in the
cavity. The voltage dependence of the motion per step is
plotted in Fig. 3 for two different forces. The walker step SlzeFIG. 4. Atomic resolution image of layered graphite in ambient conditions

\_/aries _"ne_arly with the voltage as expected. A numericalgg my bias, 1 nA tunneling currentThe gray scale on the right-hand side
linear fit with Eq.(2) for the step sizey) vs voltage ¥) for  corresponds to 0.36 nm.
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In conclusion, we have successfully developed and chen,introduction to Scanning Tunneling Microscof§xford University
tested a one-dimensional micrpositioner called piezotube Press, London, 1993
. . . 3 H
walker. The walker has been tested in any orientation from D- W. Pohl, Rev. Sci. Instrun®8, 54 (1987.

. . . 4G. Binnig and H. Rohrer, Helv. Phys. Ac&5, 726 (1982.
horizontal to vertical. It has also been tested in vacytif SE. Mugele, Ch. Kloos, P. Leiderer, and R." M, Rev. Sci. Instrum67,

Pa. We have used this walker to make a STM with atomic 2557 (1996.

resolution image capability. With a more careful choice of °Ch. Renner, Ph. Niedermann, A. D. Kent, and O. Fischer, Rev. Sci. In-

materials, a more versatile STM can be designed for UHV,_Strum.61, 965(1990. _ _

low temperature. and maanetic apblications. Moreover. the Inchworn? is a registered trademark of Burleigh Inst. Inc., Fisher, NY
_p ! g e pp : ’ ! 14453; see Ref. 2 for a brief description or, A. Okumura, K. Miyamura,

walker is best suited, but not limited, for STM use; it can be and Y. Gohshi, J. Microsd52, 631 (1989.

used for any purpose where a few millimeters of motion is 8S. H. Pan, Piezoelectric motor, International Patent Publication No. WO
required with submicrometer resolution. 93/19494, Intgrr_latlonal B_ureaq, World IntellectuaI‘Property Qrganlzatlon.
q A brief description of this device can be found in, Chr. Wittneven, R.
Dombrowski, S. H. Pan, and R. Weisendanger, Rev. Sci. Ins#8n3806
ACKNOWLEDGMENTS (1997
. . . 9A product and trademark of Varian Vacuum Prod., Lexington, MA 02173.
The authors acknowledge discussions with S. H. Pan 0f°Macor® is the trade name of a machineable glass manufactured by Corn-

Boston University and J. W. Brill of University of Kentucky ing Inc., Corning, NY 14831-0001.

Downloaded 29 Sep 2005 to 132.229.234.79. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



