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An alternative flat scanner used for combining a scanning probe microscope with an inverted optical
microscope is presented. The scanner has a novel structure basically consisting of eight identical
piezoelectric tubes, metal flexure beams, and one sample mount. Because of the specially designed
structure, the scanner is able to carry a sample of more than 120 g during imaging. By applying
voltages of +150 V, scanning range of more than 30 um in three dimensions can be achieved. To
improve the reliability of the stick-slip motion, a new method for sample micropositioning is proposed
by applying a pulsed voltage to the piezotubes to produce a motion in the z-axis. Reliable translation
of the sample has been thus accomplished with the step length from ~700 nm to 9 m over a range
of several millimeters. A homemade scanning probe microscope—inverted optical microscope system
based on the scanner is described. Experimental results obtained with the system are shown. © 2010

American Institute of Physics. [doi:10.1063/1.3505781]

. INTRODUCTION

Scanning probe microscope (SPM) has been an impor-
tant tool for research in nanoscience and nanotechnology.'~
By scanning a tip/sample and sensing local tip-sample in-
teractions, SPM is able to produce images of structure and
property of a sample surface with nanometer-scale to atomic
resolution.*> Critical techniques for SPM are the realization
of tip/sample scanning in the x-y plane and tip-sample dis-
tance control in the z-axis. A number of scanning methods
have been developed including piezoelectric tripod scanner,
single tube scanner, and a cross-shaped piezoelectric element
combined with a single tube.® The most successfully used and
commercially available SPMs utilize the piezoelectric single
tube scanner, first proposed by Binnig and Smith.” In their de-
sign, the outer electrode of the tube is divided into four equal
quadrants while the inside electrode is not separated. One end
of the tube is fixed and the other end is free. By applying
voltages to four quadrants and inside electrodes, the tube pro-
vides three-dimensional motions in x-y-z directions. The ad-
vantages of the tube scanner are simple, compact, and low
cost to manufacture. Recently, it has been reported that perfor-
mance of the tube scanner, such as the positioning accuracy
and the bandwidth, can be further improved by using model-
based control and estimation techniques.® As Lieberman et al.
pointed out, however, the main drawback of the tube scanner
is the large axial size, resulting in a major problem with the
combination of SPM and an optical microscope. They have
developed a flat scanner based on four piezoelectric tubes and
built a fully integrated near-field optical, far-field optical, and
normal-force scanned probe microscope.” Their work intro-
duces a new way, based on which several instruments can be
easily integrated.
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The micropositioning over a very large range (several
millimeters) is also a key technique in SPM for searching
an interest area of the sample or for approaching the tip to
the sample surface. Since the original micropositioning de-
vice or “louse” was first built by Binnig et al.,>'° many
micropositioning devices have been developed based on the
piezoelectric effect.!'”!7 Among them, the inertial stick-slip
motion first described by Pohl'! has been widely used. Based
on the principle, sample translation can be easily accom-
plished when the sample is mounted on the free end of the
single tube scanner or on the flat scanner. As reported in the
literature,'® however, the disadvantage of inertial stick-slip
motion is that the sample movement is unreliable when a driv-
ing voltage of a sawtooth waveform is used.

In this paper, we present an alternative flat scanner used
for combining a SPM with an inverted optical microscope
(IOM). The scanner has a novel structure basically consisting
of eight identical piezoelectric tubes, metal flexure beams, and
one sample mount. Because of the specially designed struc-
ture, the scanner is able to carry a sample of more than 120 g
during SPM operation, which will be useful for mounting an
accessory on the scanner, such as a magnetic or a heating
device. By applying voltages of £150 V, scanning range of
more than 30 um in three dimensions can be achieved. A new
method for sample micropositioning by applying a pulsed
voltage to the piezotubes to produce a motion in the z-axis is
demonstrated. A homemade SPM equipped with the flat scan-
ner and combined with an IOM is described. Experimental re-
sults obtained with the scanning probe microscope—inverted
optical microscope (SPM-IOM) system will be shown.

Il. DESIGN
A. Mechanical design

Figure 1 shows the schematic structure of our flat scan-
ner, which basically consists of one aluminum frame (F),
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FIG. 1. Schematic structure of the flat scanner, which basically consists of
one aluminum frame (F), eight piezoelectric tubes (P;—Pg), eight copper flex-
ure beams (B1—Bg), and one aluminum sample mount (M) with a 30 mm di-
ameter aperture at its center. Sixteen ceramic plates (C;—Cg) were used for
electric isolation between the frame/beams and piezotube electrodes.

eight piezoelectric tubes (P;—Pg), eight copper flexible beams
(B1—-Bg), and one aluminum sample mount (M) with a 30 mm
diameter aperture at its center. Three steel balls with diameter
of 3 mm were arranged on the sample mount for supporting a
sample.

The scanner was fabricated by gluing one end of the
tube P; to that of the flexible beam B; and then attaching the
other end of the tube to the frame. Sixteen ceramic plates
(C1—C16) were used for electric isolation between the
frame/beams and piezotube electrodes. By being fixed to the
other ends of all flexible beams, the sample mount was finally
supported by eight piezotube-flexible beam assemblies,
completing a piezotube driving and flexible-beam guiding
system. By applying appropriate control voltages to the
piezotube electrodes, sample scanning in x-y-z directions and
micropositioning in the x-y plane can be accomplished.

In contrast to the previously reported flat scanner,” our
design features the symmetric arrangement about the x-/y-
axis. Since driving forces produced by the piezotubes are ap-
plied to the x-/y-axis of the sample mount via the flexible
beams, no angular moments act upon the sample mount. The
sample motion along the x-/y-axis is thus accomplished with-
out the trend to rotation. In addition, the design provides a
strong structure, allowing the sample mount to take a load of
more than 120 g. This capability will be useful for putting
an accessory on the scanner, such as a magnetic or a heating
device for the study of magnetic materials in our laboratory.

B. Electrical connection

The piezotubes are made from lead zirconate titanate
(PZT-5A) material and have the same dimensions of 35 mm
long, 8 mm outer diameter, and 0.6 mm wall thickness. The
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outer electrode of each tube is divided into four equal quad-
rants while the inside electrode is not separated.

The right side electrodes of quadranted piezotube Py, P>,
Ps, and Pg are connected to a scan voltage V., y. The left side
electrodes of these four tubes are connected to V_x. The elec-
trodes in the upside face of tube P3, P4, P7, and Pg are con-
nected to V., y, and the downside electrodes of these four tubes
are connected to V_y. All top electrodes of eight tubes are
connected to V7, and all bottom electrodes are connected to
V_z. The inside electrodes of the tubes are grounded.

lll. SCANNING AND MICROPOSITIONING CONTROL
A. Scanning

By applying scan voltages V,x and V_yx to the left and
right electrodes of the piezotubes (P, P,, Ps, and Pg) at the
same time, the piezotubes together with the flexible beams
(B1, By, Bs, and Bg) will drive the sample mount to scan in
the x-axis. While scan voltages V,y and V_y are applied to
the up and down electrodes of the tubes (Ps, P4, P7, and Pg),
the sample mount can move in the y-axis. As voltages V.
and V_yz are applied to the top and bottom electrodes of each
tube, the mount will have a motion in the z-axis. With typical
scan voltages of 150 V, three-dimensional scanning with the
range of more than 30 um has been carried out. The larger
scanning range can be achieved by changing the dimensions
of the piezotubes. In fact, the scan range of ~30 um is ade-
quate for SPM that is combined with an IOM.

B. Micropositioning

To produce a sample translation based on the stick-slip
effect, a sawtooth waveform driving voltage is used in our
experiment. In principle, when voltages applied to the piezo-
tubes (Py, P, Ps, and Pg) are slowly increased, the sample
mount will move to right, making the sample move at the
same time due to the static friction force. The rapid jump of
the voltages makes the mount come back to its initial position
immediately. In this case, the sample remains stationary due
to inertia, resulting in a net displacement. By repeating this
process, continuous motion of the sample is carried out in the
x-axis. Similarly, motion of the sample in the y-axis can be
also produced by applying driving voltages to the piezotubes
(P3, P4, P7, and Pg). As reported in the literature,'? however,
we also found that the sample movement was unreliable in the
step-by-step motion in our experiment.

The stick-slip effect has been extensively studied by us-
ing computer simulation and experimental method.'®2° The
studies give the simple conclusion that properly controlling
the inertial force and the friction force is an important is-
sue, which strongly influence the performance of a microp-
ositioner. Obviously, it is easy to make the inertial force to
be smaller than the static friction force by slowly increasing
driving voltages. The major problem to be considered here is
how to properly control the inertial force to exceed the fric-
tion force. To meet this condition, an alternative way is the
reduction of the friction force. We thus propose a method to
dramatically reduce the friction force by applying a minus
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FIG. 2. (Color online) (a) The waveforms of the driving and pulsed voltages applied to the scanner simultaneously. (b) Stick-separation-slip procedures in one

step of the sample motion.

pulsed voltage AV to the piezotubes to produce a motion in
the z-axis.

Since the piezotube can be treated as a linear
component,'! when the pulsed voltage AV is applied to one
of piezotubes, the impact force F, produced by AV can be
written as

F, = EAV (1)
and the displacement in the z-axis Az is given by
Az = DAV, 2

where E and D are constants denoting force and expansion
per volt, respectively. The force F, can also be expressed by

3

where K is the spring constant of the tube in the z-axis of the
scanner. From Eqgs. (1)-(3), we have

F. = KAz,

E =KD. “

The driving and pulsed voltages simultaneously applied to the
tubes are given in Fig. 2(a). During the driving voltage de-
creasing rapidly, the pulsed voltage AV is applied, making
the sample mount come down. In this situation, the accelera-
tion of the sample mount and the sample can be estimated by

8F
a =

_ 8KDAV
= =

b
m; + my

&)

where m; and m, is the mass of the sample mount and
the sample, respectively. It is ideal for operation of sample
slipping that the acceleration a is larger than gravity acceler-
ation g. Thus we have

- (my +m2)g
-~ 8KD
From Eq. (6), it is easy to know that the pulsed voltage AV

applied to the piezotubes is proportional to the mass of the
sample. When AV is larger than the minimum value of AV,

AV (6)

the acceleration of the sample mount will exceed gravity ac-
celeration of the sample. In this case, the sample will be sep-
arated from the sample mount, making the fiction force be-
tween them reduce to zero. Since there is no influence of
the friction force, slipping between the sample and sample
mount will take place very smoothly. The “stick-separation-
slip” procedures in one step motion of the sample are shown
in Fig. 2(b).

IV. EXPERIMENTAL SETUP AND RESULTS

To test the performance of the flat scanner, a SPM
equipped with the flat scanner has been built and mounted on
the stage of the IOM (IBE2000, Chongging Photo-electronic
Instrument Inc., People’s Republic of China) with a CCD
camera and 50x objective. Figure 3 gives a picture of the
SPM-IOM system. A commercially available SPM con-
troller (CSPM5000, Benyuan Nano-Instruments Co., People’s

FIG. 3. (Color online) A picture of the SPM-IOM system, which mainly
consists of the flat scanner (F), the probe holder (H), the stepping motors
(M), and the stage (S) of the optical microscope.
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FIG. 4. (Color online) AFM topographic (a) and friction (b) images of red blood cells scanned with the flat scanner.

Republic of China) is used, which has the abilities of signal
generation, lock-in measurement, x-y scan, feedback control,
data acquisition, and image display. The SPM—IOM system
allows one to take AFM, shear force, near-field optical, and
far-field optical images of a sample by changing the probe
holder that is specially designed for AFM or scanning near-
field optical microscope (SNOM) imaging.?! Voltages ap-
plied to the scanner for micropositioning are generated by
a peripheral component interconnect (PCI) multichannel 16-
bit digital-to-analog card (PCI7489, Beijing Hotec Control
Co., People’s Republic of China) and then amplified by high-
voltage amplifiers (PA240, Apex Microtechnology, USA).
Using the system, various samples were investigated and
typical results of AFM images of red blood cells (RBCs)
on glass cover slip are shown in Fig. 4. RBCs have been
extensively studied by AFM because of their relatively sim-
ple structure and ease of isolation.’>?* In the presented im-
ages, concave shape and some fine structures of the RBCs are
clearly observed. The shape and dimension are in agreement
with the results previously reported in the literatures.”>??
In Fig. 5, shear force topographic, amplitude, and near-field

25

transmission optical images of a test grating (SNGO1, NT-
MDT, Russia) are given, which were obtained simultaneously
at the set-point of ~0.95 and the line scan rate of 0.5 Hz. In
the topographic image, the rhomb shaped structures and some
small particles are clearly presented. In the corresponding
transmission image of SNOM, the same rhomb shaped struc-
tures are imaged more darkly than other regions. The contrast
of the optical image results from more optical absorption of
the rhomb shaped metal films than that of the glass substrate.
Those results imply that the scanner as well as the system has
excellent performance. We also experimentally found that this
scanner can carry a sample of more than 120 g weight during
SPM imaging.

As a preliminary experiment for our stick-separation-slip
method, the relationship between the average step length of
the sample motion and the driving voltage was investigated
at different pulsed voltages. The experiment was performed
by moving the grating sample (3 um in the period, TGZ3,
NT-MDT, Russia) with the stick-separation-slip method and
measuring the average step length with the IOM. To reduce
measurement error, 100 data were collected for each point.

o 4
0 125 25 0 125 25 0 125 25
um um um
(a) (b) (©)

FIG. 5. (Color online) Shear force topographic (a), amplitude (b), and near-field transmission optical (c) images of the test grating obtained simultaneously.
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FIG. 6. Experimental curves of the average step length as a function of the
driving voltage under the different pulsed voltage A V. The mass of the sample
in the experiment is ~10 g.

The experimental results are given in Fig. 6. We found that
there was a threshold value of ~1.5 V for the pulsed voltage.
When the pulsed voltage was smaller than this value, the sam-
ple motion became unreliable. This experimental result is in
agreement with that we discussed above. We also found that
the average step length was affected by the pulsed voltage AV
when the driving voltages were a fixed value. For example,
when the driving voltages were 90 V, the average step length
was ~2.7 and 9.4 um under the condition of AV being 2.5
and 8 V, respectively. The average step length of the latter is
~3.5 times larger than that of the former. This phenomenon
could be briefly explained as follows. Since the piezotubes
can be treated as linear components, the larger pulsed voltage
produces a larger acceleration and a longer displacement, as
well as a longer separate time between the sample and sample
mount during the slipping phase. Consequently, the increase
of the step length with the pulsed voltage takes place even
at the fixed driving voltages. From Fig. 6, it is easy to know
that when AV is 2.5 V the relation between the step length
and the driving voltage is almost liner. In this condition, reli-
able stick-separation-slip movement of the sample can be ac-
complished with the step length from ~700 nm to 9 um. The
work concerning the simulation and experiment of the stick-
separation-slip method will be further done and presented in
a separate article.

V. DISCUSSION

We have developed an alternative flat scanner used for
the SPM-IOM system in our laboratory. Compared with the
previously reported flat scanner, the feature of our design is
the symmetric arrangement about the x-/y-axis. Since driv-
ing forces produced by the piezotubes are applied to the x-
/y-axis of the sample mount via the flexible beams, no angu-
lar moments act upon the sample mount. The sample motion
along the x-/y-axis is thus accomplished without the trend to
rotation. In addition, the design provides a strong structure,
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allowing the sample mount to carry a sample of more than
120 g. This capability will be useful for putting an accessory
on the scanner, such as a magnetic or a heat device for the
study of magnetic materials in the next work in our labora-
tory. Based on the scanner, a SPM-IOM system has been suc-
cessfully built. The results show that the system as well as the
scanner has excellent performance.

A stick-separation-slip method for sample microposi-
tioning has been presented. By introducing a pulsed voltage
into the stick-slip approach, the sample motion can be ac-
complished with high reliability even if the sawtooth wave-
form voltages are used. The mechanism of the method is
briefly discussed and preliminary experiments have been per-
formed. The relationship between the average step length of
the sample movement and the driving voltage are measured
at different pulsed voltages. The results show that under the
condition of the pulsed voltage being 2.5 V, reliable move-
ment with the step length from ~700 nm to 9 um has been
achieved.

Both scanning and micropositioning are important tech-
niques in SPM. The work would provide an alternative way
for SPM design and applications.
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