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Abstract

During imaging and panomanipulation  with  a
sample-scanning AFM based nano maniputator, because of
bend motion of tube scanner, two important errors will be
generated, namely scanning size error and cross coupling
error, and they are destructive te both tmage quantitative
analysis and nanomanipulation accuracy. To minimize the
errars, a kinematics model of the scanner is presented, which
shows that lateral and vertical displacements at any point on
sample depend on its offset to tube axis, applied voltage and
sample thickness besides scanner geometric parameters and
piezoelectric constant. According to the model, the two
errors  are  quantitatively analyzed.  Imaging and
nanclithography experiments verify the kinematics model
and errors caleulation formulas, and some methods are also
proposed for minimizing the errors.

1 Introduction

Since the mvention of atormic force microscope (AFM) by G
Binnig n 1986 [1], it has been a standard tool for imaging
samrple on nanometer scale. Recently it has not only been
used in imaging sample, it has been used
nanomanipulation  [2][3][4] Generally AFM  mcludes
sample-scanning mode AFM, which means scanner actuates
sample moving while probe keeps still, and tip-Scarming
mode AFM, vise versa. Single Tube scanner is generally used
in AFM [5], common structure of single tube scanner n
sample scanning AFM is shown in Fig, 1.

The main part of tube scanner is a piezoceramics tube with
one end attached to sample stage and the other end fixed on a
base. The inside and outside of the tube are plated with metal,
and the outside is quartered with two opposite electrodes used
as one part. When ambi-polar voltage is applied, the tube will
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Fig 1. Tube scanner in sample scanning AFM

bend to realize lateral scanning displacement [5]. When
voltage is applied to the mside, the vertical displacement will
be realized.

During imaging and nanomanipulaion with an sample
-scarming AFM based nano manipulater, two important
errors, namely cross coupling error and scanning size error,
will be generated due to bend motion of tube scanner, and the
two emors are destructive to both image and probe
positioning accuracy in nanomanipulation. Many researches
have been done on tube scanmer emrors caused by
plezoceramics intrinsic characteristics such as nondinearity
and hysterisis, and many calibration and nonlmearity
correction methods have also been proposed [6][7][8][9).
Some models mainly to investigate scanner dynamics have
also been proposed, eg, 2 complex dynamic model
considering the coupling between motions in different axes
has been presented [10], and a linear fifth-order model of the
scanner lateral dynamics for open-loop control to enable fast
imaging has been investigated [11]. While system errors
quantitative analysis, to which kinematics modeling is
indispensable, has seldom been done. ’

In this paper, kinematics model of tube scanner is presented
based on its motion analysis. And scanning size eror and
cross coupling error according to the model are quantitatively
analyzed, which shows that scanning size error is
greatly affected by sample thickness and nominal
scanning size, while vertical cross coupling error is



greatly affected by probe tip offset to tube axis and
nominal scanning size. Imaging and nanolithography
experimental results have verified the proposed model and
errors calculation formulas.

2 Kinematics Model of Tube Scanner

When ambi-polar voitage is applied on two oppesite
electrodes of scanner outside, the tube will bend as shown n
Fig.2, and sample will generate lateral translation and rotation
relative to fixed probe, thus displacement of any point on
sample is different.
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Fig.2. Kinematics modl of single tube scanner of sample-scanning AFM

In Fig.2, the part clipped by angle g is piezoceramics tube,
the part pointed by Dss is sample stage, and Dsp
means sample.

If material of scanner is uniform and structure is symmetric,
and scanner axis is viewed as symmefric axis, the extension
and condensation will be the same with ambipolar voltage
applied to two opposite electrodes, and the bend geometry
‘can be viewed as circular arc [12], then we have

{(R+r)9=L+AL :

(R—r)9=L-AL (1)

Where » is the outside radius of tube, R is the curvature
radius of the tube axis, @ is the central angle, L is the
initial length of tube, and AL is the extension of tube after
voltage U is applied to the tube.

The extension of tube can be presented [13] as

dy L

AL = Edy L= U @

x

Where E s the electric field intensity along mbe wall, I/,
i8¢ voltage along x axis, { is thickness of tube wall, and
d,, is piezoelectric constant along tube axis.

1582

Submitting equation (2) nto (1), one can obtain the
expression of 6

L_duly )
R tr

Before tube bends, the lateral coordinate of any point on
sampleis x , and vertical coordinateis L + Dss + Dsp .
After tube bends to left as shown in Fig.2, the point moves to
point As, then the displacement of the scanner (any point on
sample} can be presented as

dx =(R+x)(1~cos8) +(Dss+ Dsp)sin
dz=((R+x)sm8—L)+(Dss+ Dsp(cod—1)

g =

{4)
)

When tube extends, tube wall thickness will reduce and the
change will be At =d, U,  {13], Where d; is
piezoelectric constant vertical to tube axis. For d,, is on
sub-nanometer per voltage scale [13], and generally U/ is
below one thousand voltages, A? is on sub-micrometer
scale and compared with ¢ on millimeter scale, A¢ can
be ignored and £ can be viewed as a constant.

Thus for #,7,Land d,, are all constnis for a given
scanner, @ and R only depend on U, according to
equation (3), and Dss is also a constant, the lateral and
vertical displacements @ and dz at any point on sample
depend on applied voltage (U, ), its offSet to tube axis (X )
and sample thickness ( Dsp ).

3 Scanning Size Error and Cross Coupling
Error

As shown in Fig 2, the lateral position of probe tip contacting
the point, coresponding to the center of scanning area on
sample, is decided by its offset to scanmer axis, which can be
adjusted manually by adjusting tube scanner base position
before imaging starts.

After tube bending shown in Fig2, the sample’s point
touched by probe tip has changed from point As to point Ae
as shown in Fig. 2, and point Ae’s vertical coordinate z ,_ is

Z,. =(R+x)tanB +(Dss + Dsp)/cos8@ (6)

Thus the right scanning area covers the area ffom point Ae to
point As, and its size can be obtained as

Lrss=[(R+x)1—coD)+{Dsst DspsinBl/cod (7)

Likewise, when tube bends right, the size of left scanning
area L[ss can also be obtained according to the method
mentioned above )



Liss={R-x){—coO)+(Dss+Dspsifl)/cof  (8)

Then the whole scanning size Lss with tube bending to lefi
and right can be deduced from Egs (7) and (8)

Lss=2[R(1-cos8) +({Dss+ Dsp)sin@]/cos@  (9)

With parameters analyzed i section 2, the scarming size
Lss dependson U, and Dsp.

3.1 Scanning Size Error

AFM is calibrated before sample scanning, the thickness of
the grating used in lateral calibration can be called nominal
sample thickness Drnsp , after calibration scanning size can
be called nominal scarming size L#$s , which is a pointed
value on the scanning program mterface and can be easily
changed by user, and it can be obtained from equation (%) as

Lnss=2{R(1-cod))+(Dss+ Dnspsinf]/cod (10

For Dnsp isaconstmtand @ and R only depend on
U,, Lnss alsoonlydependson U/, which means that
Lnss s corresponding to @ or K.

When sample thickness is not equal to nominal one, there
will be an error between actual scanning size and nominal
one. Fram Eqgs (9) and (10), scanning size error JLss can
be presented as

dLss=2(Dsp— Dnsp tan@) an

For Dnsp is a constant, dLss depends on Dsp
and € that comesponds to L#ss , and the simulation
result of scamning size emror dL.ss dependence on sample
thickness Dsp and nominal scammg size Lass s
shown in Fig. 3.

dLss (um)

Fig3. Surulated dependent curve of scanreng stze eror on sample thickness
and nominal scanning size (while nominal sarnple thidkmess is 2mm with tube
length 52mm and sample stage thickness 4mm)
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3.2 Cross Coupling Error

3.2.1 Vertical Cross Coupling Error Caused by
Lateral Displacement

After tube bend to left shown in figure 2, the vertical cross
coupling error dZp deduced from equation (6) is
dZr=[(R+x)tarB—L]|+{(DsstDspl/coB-1)] (12)
With parameters analyzed i section 2, it can be seen that
vertical cross-coupling error depends on its offset (aiso probe
tip offset) to tube axis, nominal scanning size and sample
thickness and the simulation result is shown in Fig. 4.

Fig 4. Simulated dependent aurve of vertical aross coupling etror on tip offset
to tube axes and nominal scanning size (while sample thickness keeps 2mm
with tube length 52mm and sample stage thickniess 4mmm)

Specially, when the point’s offset to tube axjs is zero and
sample thickness is equal to nominal one, the simulated result
of vertical cross coupling error dependence on scanning size
is show in Fig. 5.
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Fig5. Simulated dependent curve of vertical cross coupling error on scarming
size with offset equal to zero (while sample thickness is 2aun with tube length
52mm and sarmple stage thickness 4nm)

It can be seen that the error in Fig. 5. is very smail compared
with that n Fig. 4. especially when scanming size is small,
which means that the offSet is a dominant factor causing
vertical cross coupling error.



3.2.2 Lateral Cross Coupling Error Caused by
Vertical Displacement

If additional voltage Uz is applied to the inside of the tube
while tube is bending, an additional lateral error will be
caused. At that time, the additional extension of tube can be
presented as

U, (13)

And the additional lateral error is
AXze = ALz sin 6 (14)

For the maximal value ALz caused by Uz is only a fow
micrometers and the maximal central angle is below 0.001
radian in experinents, then AXzc is on sub-nanometer scale
and can be ignored.

4 Experiment and Verification

In order to verify the proposed model and emror calaulation
formula, some imaging of gratings and nano lithography are
performed.

4.1 System Configuration

A CSPM-2000wet AFM (Ben Yuan Ltd., China) was used for
imaging and nanomanipulation. A scanner is equipped in the
AFM head with a maximum XY scan range of 30um X 30um
and a Z range of 3um. Silicon nano-probe (MickoMasch Inc.)
with V-shaped cantilcvers is used. In order to facilitate imaging
and nanomanipulation, an optical microscope and a CCD

camera are also included in system shown in Fig. 6.

Fig, 6. The configuration of AFM based imaging and nanomampulation system.:
1, AFM eentrol computer; 2, CSPM 2000wet controller; 3, AFM head; 4,
optical microscope; 5, CCD camera; 6, monitor

In the system, the AFM head is controlled by CSPM 2000wet
coatroller commected to computer. The computer responds for
rumming system control program and provides an interface for
user. The optical microscope and CCD camera help the
operator to adjust the laser to focus on cantilever end and
search for interesting area on sample.

4.2 Scanning Size Error and Analysis

To grating with 3 um width’s steps (MickoMash Inc.), actual
scanming size rises with grating thickness increasing as shown
in Fig. 7.

30.0
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Fig 7. Two scanming irmages of grating with grating thickness 2mm (2) and
10mm (b} while nominal scanning stze keeps 30um
Adjusting grating thickness, we can get the change table of
scanning size as shown in table 1.

Sample Measured scanning ~ Theoretical scanning
thickness/mm size/um size/um '
2 30.0 30.000
4 310 31.034
6 319 32.068
8 332 33. 101.3
10 34.1 34,137
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Table 1. Measured scanning size and theoretical one with sample thickness
changing (nominal scanning size keeps 30um)

From experiments we can conclude that experimental data is
accordant with theoretical one. When sample thickness
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equals to nominal one, acual scanning size is equal to
nominal one. While if the two ones are not the same, actual
scanning size will be greatly affected by sample thickness and
nominal one. Keeping nominal scanning size constant, the
actual one will mcrease with sample thickness increasing. So
for minimizing scanning size error, we can firstly increase or
decrease sample thickness to make it equal to nominal one.
To special sample whose thickness cannot be changed, we
can compensate it by equation (11).

4.3 Vertical Cross Coupling Error and Analysis

Before scanning, the sample will actuated to approach to
probe tip and tip will touch at a point on sample, and the point
corresponding to the center of scanning area is decided by tip
offset to scanner axis shown in Fig.2, which can be adjusted
manually by adjusting tube scarmer base position before
imaging starts.

For the height error of the grating steps’ top surface is only
1.5nm (Mikromasch Inc.), its surface can be constdered as an
even plane for measuring vertical cross coupling error shown
in Fig. 8.
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Fig 8. Scanning image (a) and its section image (b) of grating with tip offset
equal to 0.5mm when scanning size is 30um (Note that in the cross section
image (b), the effect of hysteresis and creep is obvious, white the “bow” shape
is 1ot obvious for the effect of bow effect in vertical direction is very small
cormpared with the effect caused by the tip offset, especially when the scanning
size is stnall )

Changing tip offset when nominal scanning size keeps 30um,
we get the table of vertical cross coupling error changing as
shown in table 2.

Measured verticaleross — Theoretical vertical

Tip offset

/mm coupling error /nm. ¢ross couplingerror

/m

05 -261 -253

-0.25 -119 -124

0 9 ' 5
+0.25 130 134
+).5 250 263

Table 2. Vertical cross coupling ermor with tip offset danging from -0.5mm to
0.5mm(nominal scarming size keeps 30um)

Thus we can conclude that experimental data is accordant
with theoretical one. When tip offset is zero and scanning size
is small, vertical cross coupling error is small. While tip offset
i not zero, vertical cross coupling error will rise greatly with
tip offset increasing.

Although vertical cross coupling error in imaging caused by
tip offSet can be minimized by post-imaging comection
method, it still exists in nano lithography as shown in Fig. 9.
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Fig 9. Scanming images of polycarborate before hidwgraphy (a) and after
lithography (b) at the two lithography fines while tip locates on the right of tube
axis. The slim linedike particle pointed by arrow in left image ts pushed aside
by tip with force feedback off in image (b), where the set-point value at the
above deeper lithography line is [arger than that of the below line

In image (2) of Fig 9, although the sample has been adjusted
horizontat before scanning, we can still see that the right side of
sample moves higher than the left for tip locates at the right of
tube axis with tp offset being lmm. And especiaily in image
(b) of Fig. 9., we can see that the lithography line becomes



deeper from left to right, which also has the same meaning as
that in image (a) and validates the model proposed above. So
for minimizing vertical cross coupling emor I
nanomanipulation, tip offset to twbe axis can be firstly
reduced to zero by adjusting the lateral position of tube
scanner base, while for those occasion where tip offset can’t
be adjusted to zero, we can compensate it i trajectory
planning of nanomanipulation according to etror calculation
tormula shown as equation (12).

5 Conclusion

Scarning size error and cross coupling error greatly affect the
acaracy of imagng and nanomanipulation  for
sample-scanning AFM based nano manipulator. With
scanning size error and cross coupling emors quantitatively
analyzed according to the kinematics model presented in this
paper, some methods mentioned above can be adopted to
‘minirtize the errors, thus the acuracy in scanning and
manipulation can be greatly enhanced.
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