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This paper presents an advanced flattening method to precisely analyze nanostructures by using
atomic force microscopy. Distortions caused by the slope of a sample and nonlinearities of the Z
scanner can affect the height of the scanned image and make the scanned image difficult to use for
quantitative analysis. We propose an advanced flattening method to flatten an image that does not
require the user to be experienced. The distortions can be measured and systematically removed
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from a scanned image. The proposed method is able to substantially reduce both the artifacts
caused by flattening and the inspection time using a scanned image.
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I. INTRODUCTION

A scanned atomic force microscope (AFM) image can
be distorted by undesirable factors, such as nonlineari-
ties of the nano-actuator, the slope of the sample, and
the tip shape [1-4]. These sources of distortion should
be removed for precise analysis because they make the
scanned image difficult to analyze quantitatively. The
sources of distortion can be classified into four main
sources: creep and hysteresis of the piezoelectric actu-
ator, installation slope of a sample, and image bow [4,
5]. These distortions can be measured from a scanned
image and can be eliminated [2,6-8].

Many researcher have developed various algorithms for
eliminating the distortions, such as the leveling algorithm
[5], the coordinate transformation [4,8], the automatic
drift elimination method [9], and the vertical and lat-
eral drift correction method [6]. The image bow can be
represented by a polynomial [5]. However, the polyno-
mial should be renewed whenever the AFM system is
changed. For this reason, a new system was developed
with a decoupled scanner system in which the Z scanner
is separated from the X-Y scanner [10].

Even though reconstruction algorithms have been de-
veloped, commercial AFMs provide users with flattening
tools that can be implemented by applying n'- order
polynomial fits to each scan line (or plane) [11,12]. Ad-
ditional artifacts may occur due to the processing direc-
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tion of the flattening method. If this problem is to be
avoided, skilled users with prior knowledge of the sam-
ples are required.

In this paper, under the assumption that the back-
ground of the sample is almost flat, we propose an ad-
vanced flattening method using a single scanned image.
This method applies advantages of both the flattening
method using a polynomial fitting curve and the recon-
struction method.

II. EXPERIMENTS AND DISCUSSION

A scanned AFM image was used to verify the proposed
method. A calibration sample (TGQ1, NT-MDT, Rus-
sia) was employed to obtain a scanned image. The scan
range was set to 20 x 20 um?, with an image resolution of
256 x 256 points and a scan rate of 0.5 Hz. The AFM was
operated in the constant-force, non-contact mode. The
total scanning time for obtaining an image was approxi-
mately 9 min. The fast and the slow scanning directions
were set to the Y- and the X-axes, respectively.

The AFM image shown Fig. 1 was obtained by scan-
ning a sample. Here, the fast scanning direction is along
the Y-axis while the slow scanning direction is along
the X-axis. In this case, the coordinate (1, N,) of the
scanned image is the starting position, and (N, N,) is
the final position.

The scanned topographic image H(x,y) at (z,y) may
be described by
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Ht(xay) = Hh(xay) +Hcrp(-ray) +];Islp(xay)a (1)

where Hp(z,y) is the height of the real topography,
Herp(z,y) is the height caused by the creep of the Z
scanner, and Hgp(z,y) is the height caused by the sam-
ple tilting at (z,y). The tilting angle of the Y-axis can be
determined from the slope of the scanned image along the
fast scanning axis. The tilt plane, Hgpy (z,y), between
the sample surface and the fast scanning plane may be
parameterized with the 1%‘-order polynomial c,y, where
cy is the slope coefficient in the fast scanning direction.

However, because the proposed method uses a single
scanned image, we cannot measure the tilting angle of
the sample in the slow scanning X-axis. We can ob-
tain an image Herpsipx (z,y) by removing the tilt image
Hgpy (z,y) for the fast scanning axis from the scanned
image. This image (i.e., heights along the Z-axis) con-
tains important information including the topographic
height of the sample, the creep and hysteresis effects of
the Z scanner, and the slope of the sample in the slow
scanning axis. For the measurement of the creep effect
of the Z scanner and the slope effect of the sample in
the slow scanning X direction, the scanned image is pro-
jected on the X-Z plane after the tilt image for the Y-
axis has been removed. A baseline of the profile on the
X-Z plane represents the creep effect of the Z scanner
and the slope effect of the sample in the slow scanning
X-axis. We can construct a creep-slope image by using
the baseline.

The baseline of the image projected on the X-Z plane,
Herpsipx (z, ), may be described by

Hcrpsle (93, ) = Hcrp(xv ) + Hsle (xa )
= pz" +px" T+ A pasr, (2)

where H..,(z,-) is the slope of the scanned image caused
by the creep effect of the Z scanner in the X-axis. The
creep effect occurs slowly in the slow scanning direction
[2,13]. Hgpx(z,-) (= cgx) is the slope of scanned im-
age caused by the sample tilt in the X-axis, and c; is
the slope coefficient in the X direction. The parameters
{p1,P2; -, Pn,Pnt1} are the coeflicients of the polyno-
mial that represents the baseline, and n is the order of
the polynomial and an integer.

The flattened image Hprr(x, y), which is obtained by
using the advanced flattening method, is represented by
the following equation:

Hrpr(z,y) = (He(z,y) — Hapy (2,9))
7Hcrpsle (5177 y) (3)

Here, it is assumed that the image data from the hys-
teresis of the Z scanner are negligible [2] and that the
background of the sample is almost flat.

Figure 1 shows the scanned image of the calibration
sample and the histogram. The scanned image is tilted
along the X- and the Y-axes relative to the origin (1,
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Fig. 1. (Color online) (a) Scanned topographic image and
(b) histogram graph.

1) in Fig. 1(a). The histogram shows the height distri-
bution in the image with the number of pixels for each
height. The number of pixels is distributed evenly at a
particular height in Fig. 1(b). The histogram illustrates
the fact that the sample is titled. The scanned image re-
quires flattening or reconstruction processes to precisely
measure the heights or the widths of the nanostructures.
The sample is tilted by approximately 0.2° along the Y-
axis relative to the origin (1,1). The slope coefficient, c,,
is 3.7 x 1073. Two levels (0.0 nm and 19.5 nm) exist
on the calibration sample. Two peaks should have ex-
isted in the histogram graph of the scanned image of the
calibration sample in Fig. 1(b).

Figure 2 shows the flattened images that were obtained
by applying the flattening method and associated his-
tograms. Even though the same flattening process was
applied to the same scanned image, the flattened images
were different. The flattened images in Figs. 2(a) and
(b) were obtained by processing the flattening line along
the X- and the Y-axis directions, respectively. This flat-
tening method modifies the image on a line-by-line basis,
removing the vertical offset between scan lines in the flat-
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Fig. 2. (Color online) Flattened images generated using the flattening processing tool: (a) X-axis, (b) Y-axis, and (c)

proposed method. (d), (e) and (f) Histograms for the flattened images in (a), (b) and (c), respectively.

tening process direction by calculating a least-squares-fit
polynomial for a scan line and subtracting it from the
polynomial fitting line for the original line. This method
makes the average Z value of each scan line equal to zero
[11,12]. Even though there are two levels on the calibra-
tion sample, three levels were measured on the flattened
images. The results of the measurement are summarized
in Table 1. Statistics on levels for three different areas (i,
ii, and iii) in Figs. 2(a), (b), and (c) are listed. The three
peaks were also observed in the histograms of the flat-
tened images (Figs. 2(d) and (e)). Because a flattened
image is obtained by calculating the offset between each
point on the scan line and the corresponding point on
the fitting curve, it can be affected by variations in the
scanned data on the line. For this reason, the scanned
images appeared different along the processing direction
for the flattening process on the line. Commercial AFMs
provide special functions, such as inclusion and exclu-
sion, to avoid these problems. However, these functions
also require a skilled user to precisely measure the nanos-
tructure [11,12].

Figures 2(c) and (f) show the flattened image and his-
togram obtained using the proposed method. Three lev-
els exist in the flattened image (resulting measurements
are also summarized in Table 1), but two peaks are lo-
cated close together in the histogram of the flattened im-
age (Fig. 2(f)). The levels of areas ii and iii in Fig. 2(c)
were nearly the same. These results were close to the
specifications for the calibration sample. The heights
are summarized in Table 2

In commercial AFMs, we commonly use the 2-dimen-

Table 1. Levels of flattened images (units = [nm]).

area i area ii area iii
specification of TGQ1 195+ 1.5 0.0+ 1.5 00+ 1.5
Fig. 2(a) 196 £1.8 97+£13 02407
Fig. 2(b) 19.6 £ 1.7 —0.5+£ 0.4 10.0 £ 0.2
Fig. 2(c) 188 +0.8 0.8+11 —-0.74+0.9

Table 2. Relative heights after flattening (units = [nm]).

i-iii

specification of TGQ1 195+ 1.5 195+ 1.5 0.0 £ 1.5

i-ii

Fig. 2(a) 99+21 194£12 94+£1.2
Fig. 2(b) 201 £18 96+17 105=+04
Fig. 2(c) 179+ 09 195+07 15=£1.0

sional (2D) flattening method to remove tilt or bow from
scanned images. The 2D flattening method calculates a
single polynomial fit for the entire scanned image and
then subtracts the polynomial fit from the scanned im-
age. The 2D flattening method is applied by calculating
a 15t 27d. 37 or 4*"_ order polynomial fit to the image
in the X or the Y direction. This method also requires a
skilled user to precisely reconstruct the real topographic
image.
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III. CONCLUSION

An advanced flattening method to precisely analyze
nanostructures with AFM is proposed in this paper. Dis-
tortions caused by the slope of a sample or nonlinearities
of the Z scanner can affect the height data of the scanned
image and make the scanned image difficult to analyze
quantitatively. The advanced flattening method we pro-
pose does not require extensive user experience. The
distortions can be measured and systematically removed
from a single scanned image. The proposed method sub-
stantially reduces the artifacts caused by the flattening
process and the inspection time using a single scanned
image. Furthermore, neither directional considerations
of the flattening process nor a determination of a numer-
ical new creep model of the Z scanner are required in
our method.
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