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Three-dimensional atomic force microscopy based on
tailored cantilever probe with flared tip
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Abstract: In order to meet the requirements of nondestructive testing of true 3D topography of micro-nano structures, a novel
three-dimensional atomic force microscope (3D-AFM) based on flared tip is developed. A high-precision scanning platform is
designed to achieve fast servo through moving probe and sample simultaneously, and several combined nanopositioning stages
are used to guarantee linearity and orthogonality of displacement. To eliminate the signal deviation caused by AFM-head
movement, a traceable optical lever system is designed for cantilever deformation detection. In addition, a method of tailoring
the cantilever of commercial probe with flared tip is proposed to reduce the lateral force applied on the tip in measurement. The
tailored probe is mounted on the 3D-AFM, and 3D imaging experiments are conducted on different samples by use of adaptive-

angle scanning strategy. The results show the roob-mean-square value of the vertical displacement noise (RMS) of the

prototype is less than 0. 1 nm and the high/width measurement repeatability (peak-to-peak) is less than 2. 5 nm.
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0 Introduction

Recently,  three-dimensional atomic  force

microscope (3D-AFM) has attracted more and more
of high-end

nondestructive

attention in the field industrial

manufacturing because it allows
measurement of true 3D topography at nanoscale.
For example, with the advancement of semiconductor
technology, the size of field effect transistor (FET)
continues to shrink. Meanwhile, the architecture of
FET shifts from planar to 3D to make the gate
voltage effectively turn off the conductive channel.
Because the gate topography can affect the electrical
performance of FET, 3D imaging is required to
monitor the manufacturing process. Besides, sensors
and actuators on MEMS chips have more complex 3D
structure than FETs, which further
challenge to measurement technology.
Traditional AFM can only obtain 2. 5D images due
to the convolution effect of conical tip, while 3D-

makes a

AFM achieves true 3D measurement by improving

[1-3]

instrument structures and control methods

Considering the working principles, 3D-AFM in
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general can be divided into two types: the technology

191 and the technology base on

based on tilt scanning
flared tip"®™. The former is to rotate probe or sample
so that the bottom of tip is able to touch horizontal
surfaces and steep sidewalls. However, the probe for
tilt scanning should be specially designed to avoid
Murayama et al

possible interference. Hence,

designed a tilted tip on the probe instead of rotating

81 Cho et al designed a cantilever with a width

probe
of less than 500 nm on 6 pm wide wedge-shaped
base. Therefore, the probe can work at tilt degree
more than 40°™). They also developed a complicated
rotatable AFM-head to ensure that the optical path
for detecting cantilever deformation is not disturbed
by tilting, whereas the tilted tip can only measure
sidewalls in one direction. The tilt angle needs to be
changed for obtaining the opposite sidewall images.
This process will inevitably introduce rotation error
in results. To solve this problem, Xie et al reported a
dual-probe architecture in which two cylindrical fiber
probes are mounted on AFM-head"'"'". Before
measuring, the relative position of two tips that are

tilted in opposite directions is calibrated by scanning
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one tip with the other tip, and then sidewalls in
different directions can be measured respectively.
However, the tilt angle and the measuring depth are
always limited by the aspect ratio of grooves.

In addition, a kind of probe with overhang
characteristic on tip, which is called flared tip, is
used for 3D measurement. This tip can reach steep
sidewalls without tilting. In order to make flared tip
be able to scan different surfaces, Martin et al
proposed a tracking method coupled with a novel

121 The system can detect

servo and scanning system
slope angle in real time and then adjust feedback
In this method,

however, both scanning speed and slope gradient

direction and scanning direction.

probably affect imaging results. Dai et al designed a
special caliper which can excite probe to vibrate in

U314 Syurface

vertical and torsional oscillation modes
profiling is achieved through vector approach probing
strateoy and the approaching angle of probe is
programmed according to the profile from previous
line scan. However, this method not only requires
pre-scanning before measurement, but also cannot
figure out the optimal approaching angle when
adjacent profiles vary greatly. Dai also found that the
probe with flared tip did not work well in torsional
oscillation mode because the flexure spring constant
of flared tip is much smaller than the torsion spring
constant of cantilever. Therefore, other researchers
have devoted more effort to exploring new probe
technology""'*,

In order to overcome the limitations of measuring
narrow and deep trenches and improve the
measurement efficiency and accuracy, we develop a

3D-AFM prototype and the corresponding scanning

Aspheric lens

Objectives__|
B Quarter-wave pla::QPD

method. Multiple piezo stages are used to construct a
high-speed and high-precision scanning platform
whose range reaches 100 pm X115 pm X 25 pm, and
compact optical lever is designed to track probe
movement. Moreover, commercial critical
dimensional (CD) probe with rectangular cantilever
is tailored for smaller contact force in measurement,
and adaptive angle scanning method is employed for

3D imaging.
1 3D-AFM system configuration

The principle diagram of the 3D-AFM is illustrated
in Fig. 1(a), and Fig. 1(b) shows the photo of the
prototype. Among all of its parts, the objective that
is responsible for observing the position of probe,
and sample is located above probe and optical lever.
Visible light reflected from probe and sample passes
through the beam
producing real image. In addition, there is laser beam

splitter into the objective,
passing through the beam splitter. The position of

the reflected laser can indicate cantilever
deformation. Reflected laser is converted to voltage
signal by the quadrant-position detector (QPD) and
the preamplifier, and then is transmitted to controller.
The controller is a self-developed multifunctional digital
control system with DSP and FPGA as processors. It is
responsible for feedback controlling, outputting drive
signals of all scanners, sampling various analog
signals, etc,

The following is detailed description of the
combined scanning and positioning system, the
cantilever deformation detecting system and the

improved probe with flared tip.

y—scanner

Beam splitter
Polarizing beam splitte;
Flared probe

| Preamplifier |

Digital controller

Xyz—scanner E

xz—stage

(@)

Fig. 1 Schematic diagram of 3D-AFM (a) and photo of prototype (b)
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1.1 Combined scanning and positioning system

The combined scanning and positioning system
includes a nano scanning platform and a large
positioning platform. Considering that flared tip
needs to approach surfaces along multiple directions
for measuring 3D structure, the nano scanning
platform should be capable of not only achieving
rapid moving in at least two directions, but also
ensuring as small displacement coupling error as
possible. The nano scanning platform is composed of
three piezo scanners produced by Physik Instrumente
Ltd. The large positioning platform is composed of
two motor positioning stages produced by
Zolixinstruments Co. ,Ltd.

The overall structure is shown in Fig. 1(a).
Sample stage is placed on z-scanner which is mainly
used as z-axis feedback actuator. The z-scanner is
mounted on xyz-scanner with 100 pm X 100 pm X
10 pm travel and 0.3 nm motion resolution. xyz-
scanner is responsible for line scan. Probe-holder and
some lenses are mounted on y-scanner which is used
as y-axis feedback actuator. y-scanner and z-scanner
have the same operational performance of 15 pm
travel and 0. 05 nm resolution. Thus, y-scanner and
z-scanner can take probe towards sample along an
arbitrary direction precisely. To enlarge positioning
range, y-scanner and xyz-scanner are assembled on
two motor positioning stages, y-stage and xz-stage,
Motor
positioning in a range of 200 mm X200 mm X 10 mm

respectively, stages can achieve coarse
with closed-loop resolution of below 1 pum.

Although the movement direction of y-scanner is
the same as y-axis of xyz-scanner and the movement
direction of z-scanner is the same as z-axis of xyz-
scanner, their performance requirement are different.
Because xyz-scanner is for line scan, xyz-scanner has
larger travel and lower moving speed. Whereas y-
scanner and z-scanner are for feedback, they have
higher moving speed and smaller travel. Besides,
another situation must be considered that y-scanner
and z-scanner are for both line scan and feedback
when scanning area is smaller.

Because all of the scanners in the 3D-AFM are
the bow effect

generated by piezo tube can be essentially eliminated.

plezo nanopositioning stages.,

1.2 Cantilever deformation detecting system

In order to prevent the movement of y-scanner

from affecting optical lever, we propose a traceable
optical detector, and its working principle is as
follows. As shown in Fig. 1(a), the collimated laser
is split into two line polarized beams by the polarizing
beam splitter. The transmitted line polarization is
converted to circular polarization after it passing
through a quarter-wave plate with its axis at 45° to
the polarization axis of the incident beam. The
circular polarization is then concentrated by aspheric
lens, and half of the concentrated beam is reflected
by the beam splitter to the cantilever. The optical
length from the aspheric lens to the cantilever is just
equal to the focal length. After that, the laser beam
is reflected by the cantilever and then passes through
the beam splitter and the aspheric lens again. The
obtained parallel beam will be converted to line
polarization whose polarization axis is perpendicular
to the original line polarization axis so that it can
reflect the polarizing beam splitter to the QPD. The
output current signal from the QPD is converted to
voltage signal via preamplifier and 1is finally
transmitted to digital controller. When the cantilever
deforms, the laser spot on the QPD will shift and the
voltage will change.

During the assembly, we fixed the beam splitter,
and probe-holder

aspheric lens on y-scanner,

accurately keeping the beam away from laser and the
which
ensures that the spot irradiated on QPD does not

optical axis of aspheric lens concentric,
shift and the spot on cantilever is not out of focus
when y-scanner moves.

1.3 Improved probe with flared tip

Currently the only commercially probe available
from CDR
manufactured by Bruker Corporation.

product
Fig. 2(a)
shows the scanning electron microscope(SEM) image
of the cantilever of CDR140 probe.

The highlight spot on the cantilever is the bottom

with flared tip is series

view of flared tip. This probe is made of silicon.
Because the spring constant of cantilever is much
larger than that of flared tip, the tip is prone to

bending while contacting with sidewall, causing

199 Hences a method of

measurement instability
improving probe by which the shape of cantilever is
trimmed to reduce spring constants is proposed. The
tailoring process is implemented using focused ion
beam. The tailored probe is imaged by SEM, as

shown in Fig. 2(b).
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(a) Before tailoring

In Fig. 2, L. is the distance from the center axis of
flared tip to the fixed end of cantilever; W, and T.
denote the width and the thickness of cantilever,
respectively; L, is the distance from the free end of
tip to the cantilever base; I, and d,, are the effective
length and effective diameter of tip, respectively; d,
is the width of the protrusion on tip end; W and W,
are the cut width on the left and the right sides of
cantilever while L is the cut length. Taking CDR140
probe as example, the its nominal values and tailored
dimensions are shown in Table 1.

In order to investigate the mechanical properties of

(b) After tailoring
Fig.2 SEM images of CDR140 probe

Table 2 shows the simulation results, where k4
represents the flexure spring constant of probe, &, is
the flexure spring constant of flared tip, k. is the
torsion spring constant of cantilever, k. is the
effective lateral spring constant of probe, a4 is the
ratio of deflection angle to vertical displacement and
a. is the ratio of torsion angle to lateral displacement.
After tailoring the cantilever, k, decreases by nearly
an order of magnitude, and a. increases by nearly
four times.

Therefore, the contact force applied on the tailored
probe can be reduced in measurement, which is

CDR140 probe, a geometric model is constructed and beneficial to measurement stability and probe
analyzed in finite element analysis software, lifetime,
Table 1 Dimensions of CDR140 probe
CDR140 L. W. T. L dy, d. Lt Li L
Dimensions (pum) 115 35 3.3 0.45 0.08 0.14 80 15 15

Table 2 Mechanical simulation results of CD140 probe

ka(N/m) ki (N/m) kp(N/m) ke(N/m)  aq(rad/nm) a.(rad/nm)
Before tailoring 35.0 768 11. 3 10.0 12.9X1076 0.68X10°6
After tailoring 5.1 96.5 11.3 5.2 12.3X1076  2.6X10°6

2 Adaptive angle scanning method

In the measurement technology based on flared tip,
how to adjust the approaching angle of tip and
scanning direction to get an image featuring different
slope surfaces is a critical problem™’. Here, an
adaptive angle scanning method is proposed. The
scanning path on the line structure planned by this
method is illustrated in Fig. 3, which well describes
the basic principle of tracing surfaces.

In Fig. 3, the scanning path varies with slope
angle. On top and bottom surfaces, the tip
approaches at an angle of 6,;. When the contact force
reaches the set value, the tip withdraws a distance of

U, along the opposite direction. Certainly, U,,

should be long enough to rid the tip of adhesive
force. The tip then moves a step length of S,, along
the positive y-axis to measure next area.

To prevent the tip from colliding with sidewall, 0,
should be slightly smaller than 90°. On left sidewall
and right sidewall, measurement procedures are
similar to that of top or bottom surface except the
approaching angle and the scanning direction. On left
sidewall, the approaching angle is set to be f;and the
scanning direction is the positive z-axis with a step
length of S.. On right sidewall, the approaching
angle is set to be 6,3 and the scanning direction is the
negative z-axis with a step length of S... To prevent
the tip from flying away from the surface, 0, should
be larger than 0°. To prevent the tip from colliding
with bottom surface, 0 should be smaller than 180°.
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Fig. 3 Adaptive-angle scanning strategy on line structure. (I) shows how left-bottom corner is measured, (II) shows how right-bottom

corner is measured, (I[) shows how left-top corner is measured, and (IV) shows how right-top corner is measured

The remaining question is how to predict the slope
angle. Here, it can be done by the coordinate values
of adjacent points. Assuming that the tip is scanning
on bottom surface and there is a sidewall with slope
angle of 0, in front of it, the height difference
between two adjacent measurement points, AUg; »
can be approximately calculated by

S,, tand,, tanf
AU521 ~ Pty sl t1

" tanf, + tand, (D

Hence, the slope can be roughly calculated from
the height difference. When the tip is scanning on
right sidewall with a slope angle of 6, the measured
lateral roughness, AU, » can be expressed as

Slz
tan(180° —6,;) — tan(fy,)"

When the tip is scanning on left sidewall with a

AUSy1 =~ (2)

slope angle of 04, the measured lateral roughness,
AUz s can be expressed as

Se

AU,y ~ —————r—,
227 tanfs + tand,

(3)

When the tip is scanning on top surface and there
is a sidewall with slope angle of 0, . which is smaller
than 0°, in front of it, two situations need to be
discussed separately. If 8, is smaller than —8@,,, the
height difference between two adjacent measurement

points, AU, , is equal to the height of top surface. If

G4 is larger than —0,, AU, can be expressed as

__ Sy tand, tandy

AUz 2 tanf, + tanfy’ 4

On four corners, the contours are measured by
gradually changing the approaching angle while all
scanning axes are disable. The insets of Fig. 3 show
the details.
bottom corner, the approaching angle decreases from

For the measurement points of left-

0, to 0. For left-top corner, the approaching angle
increases from 0, to 0,. For right-top corner, the
approaching angle increases from 180—6, to 63. For
right-bottom corner, the approaching angle decreases
from 6 to 6,.

If scanning path in Fig. 3 refers to trace scanning.
retrace scanning path would be its mirror image.
Through scanning once with the adaptive-angle
scanning method, a complete 3D contour, including
top surfaces, bottom surfaces, two opposite
sidewalls and corners, can be obtained in relatively

uniform pixel density.

3 Experimental results and analysis

A series of experiments are carried out to
investigate the capability and performance of the
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developed 3D-AFM.

First, we evaluate the measurement noise. After
installing the tailored CDR140 probe on the 3D-AFM
prototype, digital controller is ready to capture the
voltage signal corresponding to cantilever deflection.
In order to reduce the impact of thermal drift on noise
evaluation, the sampling process is started for 3 h
after the instrument is powered on. The sampling
frequency is 100 kHz and the sampling time is 1 s.
Fig. 4 shows sampling results. The peak-to-peak is
about 8 mV and the standard deviation is 1. 17 mV.
The sensitivity can be obtained from the curve of
voltage against vertical displacement, being about
70 mV/nm.

4

(3]

(=]

|
(3]

|
A~

Deflection voltage (mV)

|
()
(=)

0.4 0.6 0.8

Time (s)

0.2 1.0

Fig. 4 Noise of voltage corresponding to cantilever deflection

As a result, the root-mean-square (RMS) value of
vertical displacement noise is only 0. 017 nm.

Next, a grating standard produced by LightSmyth
Technologies , Inc. is measured by means of adaptive
angle scanning method. The grating is made of
silicon with a period of 833. 3 nm, a line width of 416
nm and a line height of 200 nm. The probe is excited
The amplitude of
the of

displacement signal and the withdrawal behavior.

at near resonant frequency.

cantilever is wused to trigger capture
The approaching angle is set as follows: 0, = 75°,
0>=15° and 05 =165°. The scanning step length is
set as follows: S, =8 nm and S, =8 nm. With
disabling x-axis scanning, 20 measurement profiles
on the same area are obtained, as shown in Fig. 5,
where ten of which are trace profiles and the others
of which are retrace profiles. Every profile contains
500 data points. Apparently, all these profiles show

a good agreement with each other. However, slight

offset between the trace and the retrace can be seen if
We suspect that this

phenomenon is probably caused by the hysteresis of
[21]

sidewalls are zoomed in.

the piezoelectric actuator
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Fig. 5 Twenty measured profiles of grating standard on the same area: (a) zoomed-in view of left sidewall (b) and right sidewall (c),
calculated line width of the first line structure (d) and the second line structure (e), and calculated line height of the first line structure

(f) and the second line structure (g)

In order to evaluate the critical dimensions of
grating, the data are further processed. Selecting the

middle 11 points on top surface for averaging and
selecting the middle 11 points on bottom surface for
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averaging, the difference of two mean heights is
considered to be the grating height. The 11 points
near half height of each sidewall are averaged., and
the line or groove width can be derived from the
difference of adjacent mean values. The calculated
height are shown in
Figs. 5(d) —(g). Although the offset between trace

profiles and retrace profiles can also be reflected in

line width and line

the width and height, the measurement repeatability
along the same scanning direction performs good,
and the peak-to-peak value is better than 2.5 nm.
Because the measurement image is the convolution of
actual image and tip contour, the calculated line
width s
subtracting the width of the protrusion on tip end

always larger than actual value. By

from the measured value, we can get a more
approximate line width that is about 416 nm,
Another experiment is taken on a pillar pattern.
With respect to the pattern, a group of pillars with a
diameter of about 240 nm and a height of about
150 nm are formed in hexagonal array on a silicon
substrate. The distance between two adjacent pillars
is about 600 nm. The pillar pattern is first measured
in tapping mode using commercial AFM called as
Dimension Icon, which is produced by Bruker

Corporation. The applied probe is MESP. The

scanning range is 2 pmX2 pm. The image pixels are
set to be 512 X 256. Fig. 6(a)
measurement results. Then, the pillar pattern is

shows the

measured by adaptive-angle scanning method using
self-built 3D-AFM. The applied probe is tailored
CDR140. The approaching angle is set as follows:
0, =280°, 0, =20° and 05 =160°. The scanning step
length is set as follows: S, =8 nm and S, =5 nm.
The image pixels are set to be 400 X 256. The
obtained 3D image is shown in Fig. 6(b).

It can be seen from one zoomed-in profile that
the pixel density of the image measured by Dimension
Icon is dependent on the surface slope, with poor
exhibition of the sidewall details. Moreover, the
image from the commercial AFM is dilated seriously
by conical tip, presenting a distorted sidewall

While in Fig. 6(b),

characterizes the steep sidewalls. All corner shapes

contour, the profile well
are formed through lots of measurement points.
However, the pillar height calculated from two
images has an offset of about 36 nm. The reason is
that the two measurements are not the same area and
the pillars on the pattern are not identical in shape.
The pillars in Fig. 6(b) have pie-like stuffs depositing
on the top. That is extremely like photoresist that is

not removed during fabrication.
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(“m\
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1000 1100 1200 1300
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1400 1500 1600

Fig. 6 Images of pillar pattern from Dimension Icon (a) and self-built 3D-AFM (b)

4 Conclusion

In this paper, a scheme of 3D-AFM based on
tailored cantilever probe with flared tip and a
scanning method is proposed. First, we introduce the

overall structure of a 3D-AFM. By integrating two

into AFM-head and

sample stage respectively, fast displacement feedback

high-speed linear scanners
on arbitrary direction without orthogonal coupling
error is achieved. By designing a traceable optical
path in which the laser beam can follow AFM-head

movement, the spot position deviation is eliminated.
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After tailoring the cantilever, the probe with flared
tip represents smaller spring constant and the
torsional sensitivity increases by near four times.

The designed
improves the measurement efficiency by changing

adaptive angle scanning method

approaching angle and scanning direction in real
time. According to the noise test, the RMS value of
the vertical displacement noise is less than 0. 02 nm
when the tip does not contact with sample. By
measuring grating standard with slow scan axis being
disable, both the line width and the line height
presented a repeatability less than 2. 5 nm. The high-
quality 3D image of a pillar pattern further validates
the measurement reliability of the 3D-AFM and the
method, in which all surfaces, including top surface,
bottom surface, two opposite sidewalls and four

corners, are characterized clearly.
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