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Abstract: Scanning ion conductance microscopy(SICM) is an emerging non-destructive surface topography characterization apparatus
with nanoscale resolution. However, the low regulating frequency of probe in most existing modulated current based SICM systems
increases the system noise, and has difficulty in imaging sample surface with steep height changes. In order to enable SICM to have the
capability of imaging surfaces with steep height changes, a novel probe that can be used in the modulated current based hopping mode is
designed. The design relies on two piezoelectric ceramics with different travels to separate position adjustment and probe frequency
regulation in the Z direction. To further improve the resonant frequency of the probe, the material and the key dimensions for each
component of the probe are optimized based on the multi-objective optimization method and the finite element analysis. The optimal
design has a resonant frequency of above 10 kHz. To validate the rationality of the designed probe, microstructured grating samples are
imaged using the homebuilt modulated current based SICM system. The experimental results indicate that the designed high frequency
probe can effectively reduce the spike noise by 26% in the average number of spike noise. The proposed design provides a feasible
solution for improving the imaging quality of the existing SICM systems which normally use ordinary probes with relatively low
regulating frequency.
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1 Introduction

Scanning ion conductance microscopy(SICM), first
presented by HANSMA, et al''), is one kind of non-contact
surface topography characterization techniques with high
resolution(micrometer to nanometer scale). Compared with
atomic force microscopy(AFM)®? using a “contact” or
“tapping” scanning mode, SICM can avoid deforming or
damaging the sample surface during measuring process for
its “non-contact” scanning mode®!. And compared with
scanning electron microscopy(SEM)*!, SICM does not
require complex sample pretreatment steps, such as
dehydrating, fixing, and metal spraying, thus making SICM
suitable to in sifu measure the topological and mechanical
properties of various samples.

However, there are still some challenges in the present
SICM measuring system. One challenge is how to improve
the imaging quality, meanwhile maintain the ability of
imaging complex sample surfaces with abrupt topography
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changes. Previous efforts attempted to address this issue
mainly by varying the scanning modes. The scanning
modes of SICM are mainly classified into two types
according to the feedback signal type. One type directly
uses the ion current as the feedback signal, such as the DC
model™. The other type uses the modulated current as the
feedback signal, such as the AC mode presented by
SHEVCHUK, et al®, PASTRE, et al'”, and LI, et al®),
respectively. Since the DC mode cannot overcome the DC
drift, which has great effect on the imaging quality, it
cannot truly reflect the surface topography of the sample. In
addition, DC mode can only characterize samples with very
flat surfaces. The samples with rough surfaces would cause
the SICM probe breaking and even breakdown of the
feedback control®. The AC mode can effectively overcome
the DC drift and contribute to obtaining more smooth
measuring results with more detailed features. However,
most existing modulated current based SICM systems use
only one piezoelectric ceramic to simultaneously perform
the frequency regulation and position adjustment of the
probe, resulting in a probe  regulating
frequency(normally<2 kHz), and therefore limiting the
number of acquired sample data in unit time and decreasing
the robustness of the SICM system to noise. Consequently,

low



GUO Renfei, et al: Multi-objective Optimal Design of High Frequency Probe

* 196 -

for Scanning Ton Conductance Microscopy

low probe regulating frequency could increase the
probability of reading sample data into error, and bring
about extra noise during measuring process. Moreover, AC
mode cannot image surfaces with abrupt changes in height,
either. Although the hopping mode presented by NOVAK,
et al”or named as backstep or standing approach
mode!'" " of SICM) can image any complex surfaces with
steep changes in height, it has a lower probe regulating
frequency due to its larger hopping distance. And since the
hopping mode also uses the direct ion current as the
feedback signal, it also suffers from the problem of slow
DC drift, thus influences the SICM imaging quality!'.
Therefore, although SICM has been used in various
applications in recent five years!'’ *%, further researches are
still needed to deal with the challenges mentioned above.

In this manuscript, a high frequency SICM probe used in
the modulated current based hopping mode is designed by
combining the multi-objective optimization method with
the finite element analysis. The design in this work not only
holds the advantages of overcoming the DC drift of AC
mode and imaging surface with steep changes in height of
the hopping mode, but also improves the regulating
frequency of the probe. Therefore, it could reduce the
possibility of reading sample data in error of the SICM
system, which may contribute to reducing the system noise.
And the imaging experimental results of grating structures
indicate that the high frequency probe designed in our work
can effectively reduce the number of spike noise, thus
improving the imaging quality of the existing SICM
systems.

2  Multi-objective Optimal Design
of the High Frequency SICM Probe

2.1 Structure and optimization parameters

The basic structure of the designed high frequency SICM
probe is shown in Fig. 1. A quarter of the assembly is cut
away around the axis of nanopipette for better explanation.
Different from the existing modulated current based SICM
systems with using only one piezoelectric ceramic, our
design used two piezoelectric ceramics to separate probe
frequency regulation and position adjustment in the Z
direction. The annular piezoelectric ceramic with short
travel was placed inside the high frequency probe, and was
used to generate high frequency vibration. And then the
resulting modulated ion current signal was used as the
feedback signal. The other piezoelectric ceramic with long
travel was used to modulate the position of the high
frequency probe in Z-direction to perform imaging complex
sample surfaces. This design makes probe frequency
regulation free from the constraint of hopping distance, and
thus could improve the imaging quality.

Besides using piezoelectric ceramic with high resonant
frequency, the material and dimensional parameters should
also be optimized to improve probe regulating frequency.
The overall size and the total mass of the probe are limited

by the boundary dimensions of the commercial
products(i.e., piezoelectric ceramic, nanopipette). If a
higher resonant frequency is required, the overall stiffness
of the probe needs to be improved, which could increase
the total mass of the probe. In order to get a balance
between improving the resonant frequency and increasing
the total mass, the multi-objective optimization algorithm
and the finite element simulations are combined to realize
the material selection and optimizations of the key
dimensions for each component of the probe.

Upper plate

Piezoelectric ceramic Bolt

Gripping sleeve

Lower plate

. Elastic coating layer
Elastic component

™

Scheme of the designed SICM high frequency probe

Nanopipette
Fig. 1.

The multi-objective optimization for determining the
materials and the key dimensions of probe components can
be defined as Eqgs. (1)—(3) from the minimization point of
view:

1
in F(X)=|——.,m(X)]|, 1
min F(X) [f(X) m( )] (1
X:(xl,x2,x3,x4,x5,x6)T, 2)
x; = (u;,v;,)CSCR". (3)

Where F(X) is the two-dimensional vector of objective
functions, f(X) and m(X) denote the resonant frequency
function and the total mass function of the probe
respectively; X is the decision vector, each element of
which corresponds to one component of the probe. That is,
X, to x, stand for gripping sleeve, nanopipette, lower plate,
elastic component, bolt, and upper plate, respectively. u,
and v, denote the material and dimension parameter vectors
of component x; respectively; S represents the feasible
region of the decision vector; R"is the n-dimensional real
number space.

2.1.1 Key dimensional parameters

The key dimensions in probe design mainly include the
shape dimensions and the location dimensions used for
assembling. The shape dimensions directly affect the total
mass and the resonant frequency of the probe. The location
dimension has great influence on the working state of the
probe. Key dimensional parameters for each component of
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the designed probe are shown in Fig. 2. The value range of
the parameters for each probe component is not only
limited by the dimensions of the commercial products, but
also by the constraints illustrated in Table 1, which can
avoid the interference among the assembly parts.

Dy

(a) Gripping sleeve and nanopipette

(b) Lower plate
Di7
2
Q
S
Q
__| L
Dis
(c) Elastic component (d) Bolt

Do3

(e) Upper plate

Fig. 2. Schemes of the key dimensions for each

component of the SICM probe

Table 1. Dimensional parameters and constraints
for each component of the SICM probe
; ; Value range
Dimensional Description £ Constraint

parameter V,/mm
D, Length 5-11
D, Diameter 3-4.4
D; Flange thickness 1-4 C1<Ds<(Dg+C—2%Dy7)/2
D, Flange position 1-5 0<D,—Dy-D;
Ds Flange diameter  9.2-11.2  Ds>D,
Ds Length 10-18
D, Position 4-9 D,<Dsg
Ds Outer diameter 13.2-16  pe=p,,
Dy Hole diameter Do=1.1xDy;
Dy Thickness 0.6-1.8
Dy, Outer diameter 1.7-24 D, =Di;s
Dy, Inner diameter 1-1.8 D»=D;
D13 Helght 0.8-2
Dy End height 0.55-2.05
Dis End diameter 1.7-2.4
D Length D\y+Dy3+Dg+Dst+

2.45+Dys/2=D;s

Dy Diameter 1-1.8 Dy7=D,=Dyy
Dig Thickness 1-2
Dy Outer diameter 132-16  p,y=Dy
Dsy Hole diameter 1-1.8 Dy=D;7
Dy, Pre-compression 0-0.2
Dy, Hole position Dyp=(Ds—Cy) /4
Dy Hole position Dy=D»,
C, Inner diameter 9
C, Inner diameter 9 Ci=GC,

2.1.2 Material parameters
In all the components of the high frequency probe, the
materials of nanopipette(Borosilicate glass, BF100-58-10,
Sutter Instrument) and the piezoelectric ceramic(PIC 255,

PI,

Germany) are definitive.

Therefore,

only five

components(i.e., the gripping sleeve, the lower plate, the
elastic component, the bolts and the upper plate) need
optimization. In this study, seven materials, such as rubber,
two kinds of nylon materials, polymethylmethacrylate
(PMMA), aluminum alloy, beryllium bronze(QBe2) and
stainless steel had been used. The properties of each
material used for optimizations are shown in Table 2.

Table 2. Materials and corresponding properties used
for optimizations

Material Young modulus Density Poisson ratio
E/MPa p/(kg+m™) y

Rubber 7.84 1200 0.47
Nylon 01 1070 1040 0.34
Nylon 02 2830 1100 0.4
PMMA 3800 1180 0.4
Aluminum alloy 71 000 2770 0.33
QBe2 125 000 8250 0.3
Stainless steel 200 000 7850 0.3
Borosilicate glass 76 000 2235 0.23

PIC255" E|=E,=62 100 7800 713 =y23 =0.44
E;=48 300 712=0.32

*

Note: Ey /E, /E; and y13/y23/712 denote the Young modulus and the
Poisson ratio of the piezoelectric ceramic in the direction of X, Y, and Z,

respectively®].
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2.2 Multi-objective optimal design of the probe

To achieve the multi-objective optimizations of the
materials and the key dimensions of probe, the improved
NSGA-II algorithm® combined with the ANSYS 15.0
software(ANSYS Inc., Canonsburg, PA) was applied.
Compared to the standard NSGA-II algorithm, the
improved algorithm can handle sample data with features
of higher dimensions and remove the unreasonable
solutions. The object function of the multi-objective
optimization is to maximize the resonant frequency and
minimize the total mass of the probe. Because the total
mass and the resonant frequency of the probe can be
obtained directly from the finite element simulations, the
specific expression of the objective function is not needed
in this work. One object generally generates resonance near
the natural frequency, and the first order natural frequency
determines the limitation of the working frequency of the
probe. Hence, the first order natural frequency is regarded
as the resonant frequency herein. By applying static
structural analysis and prestressed modal analysis to the
geometric model of the probe, the values of the objective
functions can be obtained. Considering the drive capability
of the piezoelectric ceramic, the feasible solution
minimizing the total mass of the probe was chosen as the
optimal solution when the variation J of the resonant
frequency was not significant(|d|<2%).

2.2.1 Encoding mode

In this work, the real number encoding was adopted to
encode the material and dimension parameters of the probe,
and the specific encoding mode is described as follows.

{unn, 5 a7, Viny oo, Vis, Uan, oo, Uz, Var, Voo, Usts e, Usg, V3l
Tty V35, Ugy,tt, Ua7, Val, ooty Vag, Usy,ttt, Us7, Vs, 000, Vsa, Ugl,s
Tty Uer, Vel oot V65}, where uil_ui7(i = 19 2’3“'5 7) denote

the seven candidate materials of the i-th component in turn,
assignment of 1 indicates the selected corresponding
material, and assignment of 0 indicates the corresponding
material which is not selected. v; denotes the value of the
Jj-th dimension parameter for the i-th component. All the
dimension parameters should satisfy the constraints listed
in Table 1.

2.2.2  Multi-objective optimization procedure

Multi-objective optimization procedure of determining
the materials and the key dimensions of the probe is
described as follows.

(1) Generate randomly n decision vectors of the probe
that satisfy the constraints listed in Table 1, i.e., the parent
population P. And the ANSYS software is called to
compute the values of the objective functions for each
decision vector, including the resonant frequency and the
total mass of the probe. Then the maximum number of
generations /, the probability of selection py, the probability
of crossover p,, and the probability of mutation p; are set.

(2) Obtain the child population @ by operations of
selection, crossover, and mutation on the parent population

P. The values of each individual in @ are delivered to the
geometric model in ANSYS to update the material and
dimension parameters of the probe. Then ANSYS is called
to compute the values of the objective functions for each
decision vector.

(3) Sort the individuals in the population 7=P U Q
according to the values of the objective functions, retain
and archive the first n feasible solutions, and then update
the parent population P.

(4) Check the number of generations ¢. If 1</, jump to
step (2), otherwise sort the archived feasible solutions. The
feasible solution minimizing the total mass of the probe is
chosen as the optimal design parameters if the variation &
of the resonant frequency is not significant(|d |<2%).

The parameters used for multi-objective optimization
and simulations are listed below. The size of the parent
population P is n=10, the probability of selection p;=0.5,
the probability of crossover p,=0.7, the probability of
mutation p3;=0.05, and the maximum number of
generations /=50. Based on these conditions, the optimal
materials and dimension parameters for each component of
the high frequency probe are shown in Table 3.

Table 3. Optimal design parameters of the probe
. . . Optimal
Optimal Dimension .
Component . Description value
material parameter
O, /mm
D, Length 6.0
Grippi D, Diameter 4.4
rippin,
lpp & Nylon01 Ds Flange thickness 1.5
sleeve
Dy Flange position 3.0
Ds Flange diameter 10
Nanopinette Borosilicate Dy Length 13
PP glass D; Position 6.0
Dy Outer diameter 13.2
X Dy Hole diameter 1.1
Aluminum .
Lower plate allo Do Thickness 0.7
Y C, Inner diameter 9.0
D, Hole position 1.05
Dy, Outer diameter 1.7
Elastic Nylon01 D, Inn.er diameter 1.0
component Dy Height 0.8
Dy, Pre-compression 0
Dy End height 0.55
Bolt Aluminum Dis End diameter 1.7
alloy D¢ Length 6.5
Dy, Diameter 1.0
Dy Thickness 1.0
X Do Outer diameter 13.2
Aluminum .
Upper plate allo Dso Hole diameter 1.0
Y C, Inner diameter 9.0
Dy Hole position 1.05
Piezoelectric
PIC255 - - -

ceramic

The probe with the above optimal design parameters has
a resonant frequency of 20.473 kHz and a total mass of
1.535 g. This resonant frequency is far higher than the
existing probe(less than 2 kHz). Note that the minimization
of the total mass was preferred in the above optimizations.



CHINESE JOURNAL OF MECHANICAL ENGINEERING

* 199 -

Higher resonant frequency would be available at the cost of
increasing the total mass. The photograph of the designed
high frequency probe is shown in Fig. 3.

Fig. 3. Photograph of the fabricated high frequency probe

3 Experiments and Discussion

3.1 Modulated current based SICM system

Fig. 4 shows the SICM system with the high frequency
probe. The system composition is described in details as
follows. The coarse positions of the probe in three
directions are provided by the DC motors(M111.1 DG, PI,
Germany) with 15 mm stroke. The XY piezoelectric
ceramic(P621.2CL, PI, Germany) is mounted to the XY
motors for precision positioning of the probe in XY
direction. The Z-direction piezoelectric ceramic with 100
pm stroke(P621.ZCL, PI, Germany) is mounted to the XY
piezoelectric ceramic for precision positioning of the probe
in Z direction. The designed high frequency probe(HF
Probe in Fig. 4(b)) is mounted to the Z motor. The annular
piezoelectric ceramic(PD080.30, PI, Germany) inside the
probe, which has a 2 um stroke and an axial resonant
frequency of 500 kHz, is used to drive the probe to generate
a high frequency vibration.

The modulated current based hopping mode is the same
as the conventional hopping mode except that the rate of
change in ion current is used as the feedback signal. Driven
by the high frequency sinusoidal signal generated by the
FPGA controller, the high frequency probe could generate
high frequency vibration. The resulting modulated ion
current is then amplified with a current preamplifier and
synchronously sampled by the AD module of the FPGA
controller at a frequency of 200 kHz. The DA module of
the FPGA controller outputs the control signal based on the
rate of change in ion current. The control signals are then
amplified by the low voltage PZT amplifier(E-503, PI,
Germany) to drive the piezoelectric ceramics to move in
the three directions and closed-loop controlled by the
position servo-control module(E-509, PI, Germany).

3.2 Frequency spectrum of the high frequency probe
According to the imaging principle of SICM, the ion

voltage converted from the ion current by a current

preamplifier changes in the same discipline as the position

of the probe changes in the working space. Therefore, the
change of ion voltage at different drive frequencies can reflect
the vibration characteristics of the probe tip. The specific
test method used in experiments is described as follows.

Motor
controller

Host
PC

S
SICM l

aa) HF
[72]
=) probe

Z motor

FPGA controller

Current
DA DA DA AD[=T amplifier é

i |

Z v X ™ 7 piezo
PZT controller L] XY piezo
XY motor

(b)
Fig. 4. Photograph and the scheme of the SICM system

(1) Adjust the piezoelectric ceramic with long stroke in
the Z direction to make the distance between the probe tip
and the bottom surface of the petri dish approximately
equal to the inner tip radius of the probe. The probe tip is
then in the working space.

(2) Apply sinusoidal drive signals to the annular
piezoelectric ceramic of the high frequency probe. The
drive frequencies range from 200 Hz to 20.2 kHz, and the
frequency increment is 200 Hz.

(3) Obtain the decrease AV of ion voltage at stable state
by sampling and recording the ion voltage signals with the
AD module of the SICM system.

(4) The relationship between the drive frequency and the
decrease AV of ion voltage could reflect the frequency
spectrum of the probe.

Fig. 5 shows the test result of the probe frequency
spectrum. The resonant frequency of the high frequency
probe is about 15.6 kHz, which is lower than the simulation
result of 20.5 kHz by 23.8%. This may be due to the
dimension errors of machining, the dimension fluctuations
of the pulled nanopipettes, or the positioning errors of
assembly. All of these could cause mismatch between the
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simulation data and the actual data. The uncertainty of tip
topography of the pulled nanopipette can be diminished by
polishing the surface of the nanopipette tip™ >, decorating
the tip geometry with coating material®®”, or estimating the
tip geometry with systematic experiments®!. The obtained
detailed geometry information can help to reduce the
difference between the simulation data and the actual tip
geometry. Because the implementations of these methods
require specialized equipment, such as polishing machine,
chemical vapor deposition(CVD) apparatus, etc., which are
beyond the scope of this research, so there is no more
detailed discussion here. But the test result is still much
better than the existing probes, and is adequate for the
subsequent SICM imaging experiments.

35
3.0

25

Ton voltage decrease AV/V

Frequency f/ kHz

Fig. 5. Frequency spectrum of the high frequency probe
3.3 Verification of the imaging quality

In order to verify the efficiency of the designed high
frequency probe, the grating structures fabricated by
lithography technique™™ were imaged using the modulated
current based SICM system with the designed high
frequency probe. The cycle of the grating and the height of
sample are about 6 pm and 0.6 pm, respectively. The
sample in the petri dish was covered with 0.1 M KCI
aqueous solution.

Fig. 6(a) is the optical image of the grating sample. Fig.
6(b) and Fig. 6(c) are the corresponding SICM imaging
results. It can be observed that the juncture between two
grating structures(shown as ambiguous dark stripes in Fig.
6(a) with width larger than 2 pm) is apparently larger than
that imaged by SICM in Fig. 6(b), although the visual
appearances of the two microscopies are overall consistent.
This is mainly due to that the resolution of ordinary optical
microscopy can hardly exceed 200 nm due to the limitation
of the optical diffraction limit. While SICM, as one kind of
scanning probe microscopy whose resolution is only
dependent on the inner diameter of the probe tip, can obtain
image with higher resolution and better accuracy when
using probe with smaller tip diameter. As observed in Fig. 6
(c), the sample is not placed horizontally and thus is hard to
get accurate optical image. But the angle between the
sample and the horizontal plane can be obtained by simply
analyzing the 3D SICM data(about 7.6° in Fig. 6(c)). It

indicates that SICM can obtain accurate 3D topographical
information with high resolution, which is one of the most
important advantages of SICM compared to the optical
microscopy. This is of great importance for experimental
situations where accurate positioning is needed, such as
researches about the toxic action of drugs on specified cell
structure™® !, and the delivery of small biological particles
to specified living cells!?> >+,
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Fig. 6. Comparison of imaging results of the grating sample
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To further investigate the influence of the designed high  same: the imaging size was set to 200x200 pixels, the step
frequency probe on the imaging quality, the same sample size in horizontal direction(XY) was 100 nm, and the
arca was imaged by the ordinary probe and the high hopping distance in Z direction was set to 5 pum. The
frequency probe in turn. The imaging parameters were the imaging results for comparison are shown in Fig. 7.
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Fig. 7. Comparison of SICM imaging results using two different probes

Figs. 7(a)—~(c) are the SICM imaging results using the outline of each grating structure is quite apparent, and the
ordinary probe and the conventional hopping mode. Fig. distance between two gratings is uniform(6.0+0.05 pm).
7(a) is the 3D view, Fig. 7(b) is the top view and Fig. 7(c) But there is noticeable noise appearing as spikes in Fig.
is the cutaway view at Y=6 um. It can be observed that the = 7(c). Figs. 7(d)—(f) display images obtained using the high
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frequency probe and the modulated current based hopping
mode. Fig. 7(d) is the 3D view, Fig. 7(e) is the top view and
Fig. 7(f) is the cutaway view at Y=6 um. The imaging
result agrees well with that of using the ordinary probe. But
as seen from the profile data in Fig. 7(f), the imaging
results using the high frequency probe and the modulated
current based hopping mode have less spike noise.

The same sample area was imaged for 50 times using the
above two probes in turn. The number of spikes in each
scan was recorded for statistical analysis. Because the
sample surface is relatively smooth while the spike noise
has a steep increase and decrease in height, the number of
spike noise can be simply calculated by detecting the height
variations of adjacent pixels in sampling section. A spike
noise is detected if the difference between the pixel height
and the average height of the sampling section is bigger
than a predefined threshold(i.e., 0.07 pum herein).The
results are shown in Fig. 8. In Fig. 8(b) of the box plot of
one-way analysis of variance(ANOVA), the type of probe
shows to have significant effect on the number of
spikes(p<0.001), and the number of spikes using the high
frequency probe is generally fewer than that using the
ordinary probe. The average number of spike noise
decreases by 26%(from 34 to 25) with using the designed
probe. This is reasonable because the improvement of the
regulating frequency of the probe can help the system to
obtain more sample data within the same period of time.
More sample data could contribute to enhancing the
robustness of the system to various noise signals and
reducing the number of sample data that read in error. Thus,
the high frequency probe is proven to be helpful for
improving the SICM imaging quality.
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-+- High frequency probe +modulated current based hopping
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s I
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(b) Box plot of one-way analysis of variance
Fig. 8. Statistical analysis of the spike noise

4 Conclusions

(1) A novel high frequency probe with the advantages of
overcoming the DC drift problem and capability of imaging
surface with abrupt height changes is designed for the
SICM system.

(2) High regulating frequency of above 10 kHz is
achieved by combining the multi-objective optimization
algorithm with the finite element analysis to optimize
the material parameters and the dimensional parameters.

(3) The designed high frequency probe contributes to
reducing the number of spike noise of the SICM system
when the modulated current based hopping mode is
applied.

(4) The experimental results prove the rationality of our
design and provide a feasible solution for improving the
imaging quality of existing SICM systems which use an
ordinary probe with lower regulating frequency.
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