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Abstract: For nearly all atomic force microscopies (AFMs) utilized now, only the signals in forward scanning process are
employed to reconstruct the sample surface topography, while the retraced scanning process is just for adjustment. In this paper,
a forward and retraced scanning combined imaging method for AFM is proposed to increase surface reconstruction accuracy.
Specifically, two reconstructed topography images are obtained, one is for forward scanning and the other is for retraced
scanning; the hysteresis distortion is compensated with a data fusion based post-processing method; then the two images are
combined together with confidence levels to reconstruct the final accurate topography image. This novel imaging method is
especially valid for fast scanning tasks, when it is hard to accurately reconstruct the sample surface topography with only forward
scanning signals. Some simulation and experimental results are included to demonstrate the superior performance of the

proposed imaging method.
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1 Introduction

Since its invention, atomic force microscopy (AFM) [1]
has brought a great revolution in the domain of nano-science
and nano-technology [2]. Attributed to its outstanding
advantages such as high resolution and convenience for
sample preparation, AFM has been widely used in life
science, material engineering, and so on.

For AFM systems, the main bottleneck for further
application is the slow scanning speed. In order to supervise
some chemical and biological process on-line, high speed
scanning is required without much compromise on imaging
resolution. The most considered limitations for scanning
speed come from the response time of Z-axis control
sub-system. In general, there are two main approaches to
promote the control effects: a) on the aspect of hardware, a
piezo-scanner with high resonant frequency is usually
adopted, and some elaborate scanner structures are then
designed [3, 4]; b) on the aspect of control/imaging strategy,
some more advanced control algorithms [5, 6, 7] and
imaging methods [8, 9] are proposed based on the analysis
for the system dynamics. Generally, with large control errors,
the reconstructed topography image will be distorted. In this
paper, a novel smart forward and retraced scanning
combined imaging method is proposed which successfully
overcomes the problem caused by inadequate Z-axis control.
This designed method includes two steps, the hysteresis
compensation step in horizontal direction, and the forward
and retraced combination imaging step.

Hysteresis compensation is one of the research hot topics
for piezo-scanner. Current control-based methods can be
classified as feedback control and feedforward control. In
the aspect of feedback control, an integral resonant control
strategy is proposed in [10], and some repetitive learning
control [11] and iterative learning control strategies [12] are
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well designed to deal with hysteresis; as for feedforward
control strategy, neural networks are employed in [13] to set
up the reverse model of the piezo-scanner, and an image
based strategy is shown in [ 14] to calculate the reverse model.
These methods provide effective compensation for the
hysteresis distortion; however, due to the limitation of
control bandwidth in feedback loop and the accuracy of the
reverse model of piezo-scanner, these methods cannot
achieve satisfactory performance for fast scanning tasks. In
order to obtain topography images without hysteresis
distortion for both slow and fast scanning tasks, some
post-processing compensation strategy can be employed.
Therefore, a data fusion based post-processing
compensation method is proposed. The hysteresis circle is
measured in advance, and then the topography height values
can be calculated from the original distorted topography
image.

For an AFM system, the control input for its piezo-scanner
in X-axis is usually in triangular form. For most currently
utilized AFMs, only forward scanning signals are employed
to reconstruct the sample surface topography, while the data
from retraced scanning process is only utilized for
adjustment. Based on this fact, researchers have designed
some superior trajectories for X-axis control input to shorten
the retraced scanning time [15]; however, the retraced
scanning data is not sufficiently utilized. It is not difficult to
see that the retraced process also provides some useful
information for surface construction. For those scanning
points of the detected sample, where the retraced scanning
process achieves better control effect than forward process,
more accurate topography image can be constructed from
retraced process data. Based on this observation, a forward
and retraced combined imaging method is proposed in this
paper, which fully utilizes data from both forward and
retraced processes to enhance imaging features. This
imaging method shows the great advantage of more accurate
topography reconstruction, especially for fast scanning tasks,



and it can be conveniently implemented in existing AFM
systems.

The remainder of this paper is organized as follows. In the
next section, the basic idea and general scheme for this novel
imaging method is stated. Subsequently, the forward and
retraced scanning combined imaging method is introduced in
detail. Followed are some simulation and experimental
results to demonstrate the performance of the imaging
method. At last is the conclusion.

2 Basic Idea and General Scheme

For most commonly used AFM systems, the control input
for X-axis is in triangular form. When scanning in low speed,
the control effects in Z-axis are well enough at most detected
points. Therefore, the forward scanning signals are sufficient
to calculate the topography height values. However, for fast
scanning tasks, because of the control effects degradation,
the forward scanning signals are insufficient to reconstruct
an accurate topography image. Here now, the retraced
scanning signals can perform as remedial measures. It is
shown below with an example.

Without considering the hysteresis distortion, the line
scanning results of the calibration gratings are shown in the
sketch Figure 1. Figure 1 (a) and (b) show the topography
and Z-axis control errors for forward scanning respectively,
and Figure 1 (c¢) and (d) show the results for retraced
scanning. In segment AB, the control error for forward
scanning is much larger than that for retraced scanning;
therefore we tend to trust the topography result for retraced
scanning much more than that for forward scanning in this
segment. Likewise, we tend to adopt the topography result
for forward scanning in segment CD.
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Figure 1. One-line scanning sketch graph: (a) forward scanning

topography, (b) forward scanning control error, (c) retraced
scanning topography, (d) retraced scanning control error.
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In other words, the basic idea is to combine the forward
and retraced scanning images, according to the control errors,
to calculate the final, more accurate, topography image.

However, due to the hysteresis phenomenon, both the
forward and retraced images will be distorted. They will not
be consistent with each other. Specifically, as shown in
Figure 5 in section 4, in the forward image, the grating will
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be wider in the left part and narrower in the right part, while
the situation will be contrary in the retraced image: narrower
in the left part and wider in the right part.

Therefore, before the combination process, the hysteresis
distortion needs to be well compensated for both forward
and retraced scanning images.

The general scheme of this novel imaging method is
shown in Figure 2. Firstly, some specific imaging method,
such as static imaging method or piezo-scanner dynamic
characteristics considered dynamic imaging method [8], is
utilized to obtain the forward and retraced images; then the
hysteresis distortion is compensated in both images; with
enough consistence, the novel combination strategy will be
employed to calculate the final accurate topography image.

Scanning Process.

!—| Specific Imaging Method.

Original Retraced

Original Forward

Topography and Topography and

Error Images Error Images -

Hysteresis
Compensation

Compensated Forward

Hysteresis
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Strategy

Accurate Final

Topography Image

Figure 2. General scheme for the forward and retraced scanning
combined imaging method.

3 Forward and Retraced Combined Imaging
Method

3.1 Data Fusion Based Hysteresis Compensation

For the brevity of description, only X-axis hysteresis
compensation is considered to clarify the compensation
strategy, and the discussion is also valid for Y-axis. This
proposed data fusion based hysteresis compensation strategy
is a post-processing method.

When the X-axis control input for the piezo-scanner is the
commonly used triangular form, the hysteresis circle for an
exact scanning frequency is shown in Figure 3, the lower
curve presents for forward scanning and the upper curve
presents for retraced scanning. With the actuation voltage
increased/decreased, the displacement varies nonlinearly,
therefore, the reconstructed topography is distorted.

In order to compensate the distortion, the hysteresis circle
is measured in advance with high-bandwidth position
sensors in several considered frequencies as SHz, 10Hz,
20Hz, 50Hz, etc. Then the maximum displacement s is

equally divided as )5 Syseees Syseens Sy where N is the

resolution for the reconstructed topography image, which is
shown in Figure 3. For the displacement s, , we can find the

ideal control input #_ in forward scanning process and the
ideal control input u  in retraced scanning process. The

control input is discrete in reality, therefore the control input
u, and u, are always between two real control inputs, as



here u_ is between u, and u,,, u, is between u, and
u,., - Now the task is to find out the topography heights for
X-axis control input u, in forward scanning and u, in

retraced scanning. As the situations are similar, here only the
control input u, is considered. The topography height

signals for X-axis control inputs, which are near to u_, can
be calculated by some specific imaging algorithms [8, 9]. As
a general scheme, it doesn’t matter which imaging method is
employed. In order to show its universality, here the
commonly used imaging formula is employed as:

b =kU, (1)
where 7, is the topography height for X-axis control input
u, , U, is the control input in Z-axis of the piezo-scanner for
X-axis control input u, , and k, is the static gain between

the control input and the piezo-scanner displacement in
Z-axis. Then the topography height %  for the X-axis

control input #_ can be calculated as:

h, = Z ah; ()

ieQ)
where Q, is the neighboring point set around u_, and «, is
the weight coefficient satisfies:

2= 3)

Now the task is to determine the neighboring point set €,
and the weight coefficient ¢, .

Here the neighboring point set €, is chosen as several
points near to u, on the same line. For the experiment
results shown below, if u_ is between two points u, and
u,,, , then the two points a and a+1 are chosen as €, ; if
u, isonone point u, exactlyright,then a—1, a,and a+1
are chosen as €, .

For X-axis control input u, , the control error in Z-axis,

which is the difference between the setpoint and the laser
detection system feedback signal, is noted as e, . Then the

confidence level value for %, is defined as:
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Figure 3. Hysteresis circle for piezo-scanner
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A = eXp[#J “
o

where o is the standard deviation of all the control errors in
Z-axis.
Then the weight coefficient o, can be defined as:

N
o =P )
Z 4B
JEQ
where f3; is the forgetting factor defined as:
1
B = (6)

2
u,—u
6+ ~-—=
Au
where Au is the X-axis actuation voltage increment unit
such as u,,, —u, ; 6, is a small positive value to avoid

singularity, which is chosen 0.1 in the experiment results
shown below.

Therefore, a compensated topography image can be
obtained from Equation 2. With the high bandwidth and high
accuracy position sensors, the hysteresis circle of the
piezo-scanner in high speed scanning process can be well
measured, and then the hysteresis distortion even in high
speed imaging process can be effectively compensated.

With the above compensation, two new topography
images can be obtained, one is for forward scanning, the
other is for retraced scanning. Preparing for the next step,
forward and retraced scanning combination, the newly
control error images need to be calculated as:

€ = z a.e; (7

i€Q)
where e, is the control error in Z-axis at the point s,
corresponding to X-axis control input #_. This equation is

similar with Equation 2.

The same compensation strategy is also applied to Y-axis,
and then two hysteresis compensated topography images and
two hysteresis compensated control error images are
obtained, and they are consistent with each other point by
point.

3.2 The Combination Strategy

After the hysteresis compensation, the topography image
for forward scanning is noted as 7, the control error image
for forward scanning is noted as £, for retraced scanning,
the images are noted as /, and E, , the final calculated

topography image is noted as /,,,. The notation 1, (i, /)

final *
means the value at the point (i, j) in image /,, and it is
similar for 1, (i, /), E,(i.j), E,(i,j),and 1, ,(i,j).

The final topography image 7,

La(i))="2 L(p.a)y,(p.a)+ 2, I(p.9)7.(p.q)
(P.q)e, (P9)e,
(®)

Where Q, is the neighboring point set around point

can be calculated as:

(i./)» 7,(p.q) is the weight coefficient at point ( p,q) for



forward scanning and y,(p,q) is similar for retraced

scanning. The weight coefficients satisfy:

> ri(pa)+ 2 7 (pa)=1

(p.9)=, (p.9)e

For smooth sample surface, €2, is proper to choose as

)

several points around (i, j) . In the simulation and

experiments for this paper, €, is chosen as 9 points:
(i-Lj-1), (i-Lj) ., (i-Lj+1), (ij-1) . (i.j) »
(i,j+1), (i+1,j-1), (i+1,j),and (i+1,j+1).
Similarly as in the previous section, confidence level
values for the points in topography images are defined as:

-|&, (z',j)|]
n (i, j) = exp| - (10)
() [ -

—\E (i,]
’L(i,j)=exp[—| 3’: ])|] (11)

Here 7,(i,j) and 7,(i,j) are the confidence level
values for the point (i,) in /, and I, respectively, and

o. are the standard deviations of the Z-axis control

r

o,
errors in £, and E, respectively.

Therefore the weight coefficients y, (p.q) and y, (p.q)
in Equation 8 can be calculated as:
n,(p.q)é(p.q)

Yi\p.q)= — — 12
/(p4) T alaea)
n, (P.q)¢(p.q)
A P-q)= — — 13
7. (pa) (.Z)‘, n(r.q)E(r.q) ™
where f( p,q) is the forgetting factor:
1
s(p.a)= 3 p (14)
(p.9) 0, +(p—i) +(q—J)

Here 6, is chosen as 0.5 to avoid singularity, i and j

are the same as in Equation 8.
Finally, the forward and retraced scanning combined
topography image can be calculated from Equation 8.

4 Simulation and Experimental Results

To verify the validity of the proposed forward and
retraced scanning combined imaging method, simulations
are firstly taken in a virtual AFM system [16]. The contact
mode is chosen to implement the simulation tests. The
simulation aims to show the effect of the combination step,
so the hysteresis compensation step is not considered here,
which will be considered in the following experimental
results.

The model and parameters of a practical AFM system are
adopted to implement the illustrative study. That is, a 3rd
order model is utilized to describe the Z-axis dynamics of the
piezo-scanner:

6.283x10%s% +1.935x10" s +1.168x10"
G(s)= 3 12 8 3
s~ +6.306x10"s” +1.837x10°s +1.1063x10

(15)

and the voltage amplifier and position sensor detector
sensitivity are chosen as 16 and 9.7x10”nm/V [8]. For the
other parameters, please refer to [16].

Calibration grating is one of the commonly used testing
samples because of its tough surface topography. For the
simulation, square samples with height of 12nm and
frequency of 10Hz and 50Hz are utilized as the virtual
samples. The simulation results are shown in Figure 4.
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Figure 4. Calibration grating scanning simulation results: (a) 10Hz
scanning results; (b) S0Hz scanning results.

It is shown in Figure 4 that the combination imaging
method provides a much better performance especially for
fast scanning tasks. In Figure 4(b), a little distortion, sunken
phenomenon, appears on the steps. This is because of the
control effects degradation for both forward and retraced
scanning process. This similar distortion also appears in the
experimental results in Figure 6(b).

To further demonstrate the performance of the proposed
forward and retraced combined imaging method, some
experiments are conducted on an AFM system. This system
is composed of four parts: a commercial AFM apparatus
(CSPM 4000, Being-Nano Inc., P.R.  China),
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high-performance cantilevers (CSC21/Cr-Au, p Masch Inc.,

USA), a self-developed RT-Linux based real-time control
platform [17], and an additional high-quality capacitive
displacement sensor (ADE MicroSence 8810). The control
period for this system is set as 50 us , equivalent to a wide

control bandwidth of 20Khz. Proportional-integral (PI)


zhk
铅笔


control strategy is utilized for Z-axis feedback control. The
capacitive displacement sensor has a high bandwidth of
10Khz and an accuracy of 0.01nm, which is capable to
obtain the hysteresis circle even in fast scanning speed as
S0Hz line frequency. The scanning sample is a calibration
grating ( @ Masch Inc., USA) with nominal height of

84nm =+ 1.5nm and period of 3 um . The experiments are

taken in contact mode. In fact, it is easy to find out that this
imaging method is suitable for taping mode too.

Firstly, the hysteresis compensation results will be shown.
The sample is scanned at the speed of 20Hz, and S0Hz line
frequency, respectively, with the scanning scope set as
10 um % 10 um , and the image resolution as 400 x 400 pixels.
The one-line topography results are shown in Figure 5.

As in Figure 5(a), segment B means the same part in (1°),
(2°),(3”) and (4°), however, in (1’) and (2’), before hysteresis
compensation, segment B is obviously not consistent with
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Figure 5. One-line topography experimental results: (a) 20Hz (b)
50Hz; in each subfigure: (1”) and (3°) present the forward scanning
topography before and after hysteresis compensation respectively,
(2°) and (4°) present retraced scanning topography before and after
hysteresis compensation respectively. The sgements B, C mean the
same part in each subfigure.
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Figure 6. Calibration grating scanning results comparison between
the combination topography and the forward scanning topography:
(a) 20Hz, (b) 50Hz.

each other. Meanwhile, in (3°) and (4°), the segment B is well
aligned. The same situation appears in Figure 5(b) with
segment C. Therefore, the hysteresis distortion has been
effectively compensated even in fast scanning speed, and
after the compensation, the forward topography line has been
satisfactorily consistent with the line retraced, therefore it
has reached a basis for the next step.

In Figure 6, the forward and retraced topography
combination results are shown. The scanning speed is also
20Hz, and 50Hz line frequency, respectively. From the
one-line topography, we can see that, at the up-edges and
down-edges of the grating, the combined final topography
line is obviously consistent with the actual calibration
grating much better, especially for fast scanning speed
shown in Figure 6(b). As in Figure 6(b), because of the high
scanning speed of 50Hz, the original forward and retraced
scan lines are both distorted seriously; therefore the
combined line shows some distortion as in the midst of the
grating steps, which is similar as in Figure 4(b). Delightfully,
it still shows much improvement for the proposed combined
imaging method.



Figure 7 shows the comparison between the forward
scanning topography image and the combined method
topography image for SOHz line frequency. Because of the
slowly ascending character at the grating edges as shown in
Figure 6(b), the forward scanning image Figure 7(a) seems
blurry, and Figure 7(b) is consistent with reality much better.

120 nm

(a) Forward scanning topography

(b) Combination topography
Figure 7. Calibration grating topography image comparison for
50Hz line frequency: (a) forward scanning topography, (b)
combination topography.

5 Conclusion

In this paper, a forward and retraced scanning combined
imaging method for atomic force microscopy is proposed to
enhance its imaging performance especially for fast scanning
tasks. This imaging method includes two steps, the first one
is a data fusion based post-processing hysteresis
compensation, which reaches a basis for the second step. In
the second step, the forward and retraced scanning
topographies are combined together to calculate the final
accurate sample surface topography. The efficacy of the
proposed imaging method is verified by the simulation and
experimental results of scanning calibration gratings at
different speeds. It is shown that this imaging method has
markedly enhanced the imaging performance.
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