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Focused Ion Beam Fabrication and Atomic
Force Microscopy Characterization
of Micro/Nanoroughness Artifacts
With Specified Statistic Quantities

Yuhang Chen, Tingting Luo, and Wenhao Huang

Abstract—Series of roughness patterns with predetermined
statistic quantities, such as standard deviation of surface heights,
autocorrelation length, and height distribution were fabricated by
focused ion beam (FIB) lithography and characterized by atomic
force microscopy (AFM). Template-matching analysis and com-
parisons of surface parameters were performed to ascertain the
fabrication and measurement qualities. Results show that the
root-mean-square (rms) residuals are approximately 4.8, 5.2, and
15.7 nm for the fabricated Gaussian, negatively skewed, and posi-
tively skewed surfaces with the dimension of 5120 nm X 5120 nm X
121 nm. For the surfaces with the same skewness but different
autocorrelation lengths, the rms residuals have no significant dif-
ferences. The surface parameters of the fabricated artifacts are in
close agreements with their expected values. To further elucidate
the geometric interactions between the tip and roughness structure
in AFM measurements, blind tip estimations were carried out on
the scanned images. The tip estimation deviation increases with the
increase of autocorrelation length for the Gaussian surfaces. The
skewed structures help to improve the estimation accuracy. By a
proper design of the surface quantities, the artifacts can serve as
reference areal roughness standards at the nanoscale and a kind of
tip characterizers.

Index Terms—Atomic force microscopy (AFM), nanofab-
rication, nanostructures, scanning probe microscopy, surface
roughness.

1. INTRODUCTION

URFACE structures are closely relevant to various func-
S tional performances of certain devices, such as adhesion,
lubrication, antireflection, and electric contact. Consequently,
quantitative measurements of the surface areal roughness are
of critical importance in many fields of micro/nanotechnologies
[1]. To characterize surface topography, scanning probe mi-
croscopy (SPM), including scanning tunneling microscopy
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(STM) and atomic force microscopy (AFM), has been real-
ized as a category of promising tools [2]. Especially, AFM has
drawn considerable interests because of the feasibility in mea-
suring numerous kinds of specimens and the ultrahigh spatial
resolution.

However, in view of quantitative surface nanometrology,
AFM suffers several systematic disadvantages [3]. First, the
surface measurements involve complex geometric interactions
between the sample structure and the probe tip. Such couplings
are relevant to the tip size, surface autocorrelation length, and
surface heights and their distribution [4]. Even with the tip shape
and instrument behaviors in three coordinate axes calibrated,
quantitative roughness parameters are still difficult to be an-
alyzed. Without prior knowledge of the sample structure, the
manner of tip dilations cannot be precisely interpreted. Due to
this limitation, even surface reconstructions with a known tip
can occasionally fail to lead to better roughness evaluations [5].
Second, the local tip-sample forces, which are used for sensing
the separation, might be different from point to point in the raster
scan. Therefore, the distance between the tip apex and surface
may be altered whereas it is assumed to be kept constant under
feedback control. The measured topography will be distorted by
these variations of physical properties. In dynamic mode AFM,
the presence of nonlinear attractive and repulsive forces may
cause bistability in the probe oscillations and induce image ar-
tifacts under some experimental conditions [6], [7]. To achieve
reproducible measurements with high precision, the force ef-
fect should be carefully taken into consideration [8]. Third,
the acquisition settings affect the obtained results dramatically.
Reliable surface imaging requires a proper selection of feed-
back parameters [9], [10]. Last, the environmental factors in-
cluding drift can affect quantitative roughness evaluations [11],
especially when the surface spatial or slope/curvature proper-
ties are of interest. In addition, a lot of conventional roughness
parameters are scale relevant. They are sensitive to the scan
range and measurement resolution [12], [13]. The quantitative
roughness characterization via AFM, particularly when the sam-
ple surface is ultrasmooth, is an important but rather complex
matter.

To validate the surface roughness evaluations and ensure a
more in-depth understanding of various influencing factors, ref-
erence artifacts with defined topography and prescribed statis-
tic quantities are urgently demanded. However, the devel-
opments of irregular roughness standards and corresponding
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characterization methods are fewer compared with regular cal-
ibration artifacts such as periodic one-dimensional and two-
dimensional gratings. So far, only a few roughness patterns
with micro/nanodimensions have been fabricated by nanoma-
chine [14], electron beam lithography (EBL) [15], and direct
laser writing (DLW) [16]. The artifacts developed via these tech-
niques suffer some considerable problems. For the structures
manufactured by nanomachine, the dimension is in the order
of several hundred micrometers whereas such a size generally
exceeds the measurable range of common probe microscopes.
Moreover, current fabrication resolution may be insufficient for
the SPM capability. For the EBL and DLW techniques, the
roughness structures are written on polymers. Precise transfers
of the complex three-dimensional (3-D) irregular structures to
more stable materials are necessary, which are a great challenge
on account of the strict requirements in spatial resolution and
3-D fidelity.

To further reduce the characteristic dimensions of the refer-
ence roughness artifacts and improve the structure stabilities,
here we use focused ion beam (FIB) to fabricate a series of
patterns with defined statistic quantities. As a prototype, the
autocorrelation function and the surface height distribution are
mainly controlled. The artifacts are produced directly on a sili-
con substrate. Compared with the patterns on polymers coated
with metals, namely those manufactured by EBL and DLW, the
structure stability can be improved. Also, the fabrication res-
olution can easily reach several nanometers, which is suitable
for applications in SPM. To quantify the fabrication quality,
AFM characterizations are adopted. Template matching analy-
sis and evaluations of surface parameters are carried out. The
geometric interactions of the finite tip shape and the rough-
ness structure are considered. As a reverse problem, blind tip
estimations on the measured images are addressed, and com-
pared with the scanning electron microscopy (SEM) measure-
ments. The developments of the roughness artifacts and analy-
sis methods are toward the purpose of ascertaining SPM areal
roughness evaluations. Such a kind of artifacts can reflect prac-
tical roughness measurement situations more accurately. On
the other hand, they have well-defined multi-frequency surface
components. Rich information on the instrumental responses at
different spatial frequencies can be also provided in character-
izations. Furthermore, the structures with controllable surface
parameters are capable of supporting more quantitative experi-
mental investigations of numerous roughness relevant functional
performances.

II. EXPERIMENTS
A. Rough Surface Generation

It has been well recognized that some of the most impor-
tant geometric properties of a surface can be characterized by
its height distribution and autocorrelation function [17]. Surface
topographic data can be reasonably generated by statistical mod-
eling. Here, we use conventional digital filter and fast Fourier
transformation method for the rough surface simulation [18]. In
the design, the autocorrelation function is assumed to be in the
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form of,
T 2 2
R(z,y) = o2 exp{ —2.3 () +(f> G

In this equation, o is the standard deviation of the surface
heights, and X, and A, are the autocorrelation lengths in the x
and y directions, respectively. The surface is spatially isotropic,
that is, A, = A,. The autocorrelation function is specified as
an exponential decay with the coefficient set to reach 0.1 de-
crease at the autocorrelation length. Then, a two-dimensional
digital filter is designed according to (1) and a random sequence
with assigned moments is filtered to obtain the rough surface.
For the non-Gaussian surface generation, parameters skewness
(Ssx) and kurtosis (S, ) are employed to control the height
distribution. These two parameters should always satisfy [16]

Sku — S5 —120. )

Depending on the nonzero skewness, the surface structure
will be either peak or valley dominant.

To improve the design accuracy, i.e., to reduce the discrep-
ancies between the characterization parameters of the numeri-
cally generated surface and their corresponding expected values,
combinations of genetic algorithms are applied for optimiza-
tion [15]. Consequently, the rough surfaces have well-defined
statistic quantities, such as autocorrelation length, skewness, and
kurtosis. After the optimal design, fiduciary markers or guidance
patterns can be associated with the effective structures for easy
location and orientation.

Three types of patterns are generated, which are the rough sur-
faces with negatively skewed, Gaussian, and positively skewed
height distributions. The skewnesses are selected as —1,0, and 1,
respectively. The kurtosis of every non-Gaussian surface equals
to 5. The skewness and kurtosis satisfy the general restriction
described in (2). In each series of patterns with the same height
distribution, the fastest decay autocorrelation lengths are differ-
ent. They are 200, 320, 400, and 500 nm, respectively. All the
surfaces have a developed area of 5.12 ym X 5.12 pum, which
corresponds to 512 pixels x 512 pixels in the numerical sim-
ulation. The peak-to-valley surface heights are determined to
be approximately 121 nm. However, there would be a certain
deviation for a particular random rough surface.

B. FIB Fabrication

In FIB fabrication, the designed surface data are converted
into a bitmap first. Then, the fluence of the ion beam at each
pixel is evaluated according to the grayscale level, that is, the
surface height at the corresponding position. Upon the focused
gallium ion irradiation, the materials on the silicon substrate
will be ablated. In our experiments, mainly the dwell time at
each pixel is altered to induce the desired etching depth. After
the raster scan while varying the ion fluence simultaneously, the
entire roughness pattern is etched pixel by pixel in a controllable
way. The scan procedure is repeated twice to develop the final
structure.

The fabrication is performed on a FIB/SEM dual beam system
(FEI Nova 200 Nanolab). The resolution is approximately 7 nm
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at the acceleration voltage of 30 kV. The beam current is fixed
at 300 pA for all the experiments. The dose Ggose in ions/cm?
can be calculated according to (3) for an ion current /;,,, of the
gallium source in pA, exposure time t.yogure 10 S, and pattern
area Apattern in umZ [19]

Iion X texposure (3)

G( ose — .
: Apattern x 1.602 x 1015

The experimental incident dose is determined to be approxi-
mately 1.7 x 10'7 ions/cm?. The magnitude is within the opti-
mal range for the nanoscale fabrication on the silicon material,
which has been well investigated by taking various influencing
factors into account [19]. The artifacts are SEM imaged in situ
after the lithography, toward the purpose of providing clues to
optimize the processing parameters. The over bombardment is
avoided. The maximum dwell time for exposing one pixel is
definitively optimized to be 95 ps for the Gaussian rough sur-
faces, 130 us for the negatively skewed surfaces, and 70 us for
the positively skewed surfaces.

C. AFM Characterization

For quantitative evaluations, we employed the AFM (Bruker
Innova) to measure the roughness specimens. Two types of
probes have been adopted. The first one is the RTESPA-CP
probe (Bruker Corporation), which has a nominal resonance
frequency of 358 kHz and a spring constant of 20 N/m. The
second one is the ARROW-FMR probe (NanoWorld Services)
with a resonance frequency of 75 kHz and a spring constant of
2.8 N/m. Hereafter, we denote the two probes as the C1 and
C2 probes. The probes are imaged by SEM to determine the
geometry and size. The C1 probe tip is found to have a smaller
cone angle than the C2 probe tip. The AFM data scanned by
the C2 probe are then mainly used for blind tip estimation since
more tip dilations are assumed to be involved.

The images were acquired in tapping mode to reduce tip
wear and sample damage. In order to cover the whole region
of the effective roughness pattern, the scan area was selected
as 8.0 um x 8.0 pm. The sampling points were 512 pixels x
512 pixels and the scan rate was set as 0.6 Hz. The time needed
for scanning one image in this case is about 853.3 s, which is
quite a long duration. The possible influence of drift should be
carefully paid attention. By analyzing a pair of counter-scanned
images [20], the drift was found to have no significant distortions
in our AFM characterizations. Its influence was safely ignored
in the following analysis. The raw acquired topography data
were imported into the WSXM software for image presentation
and processing [21].

III. RESULTS AND DISCUSSION

To ascertain the FIB fabrication quality and highlight the
tip-sample geometric coupling in the AFM characterization,
several validation methods have been applied. First, visual im-
age comparisons of the measured and designed surfaces are
conducted. Second, precise template matching evaluations are
carried out. Third, roughness parameters from various geomet-
ric aspects are compared. Last, blind tip estimation accuracies

on the scanned AFM images are discussed, which inversely
indicates the amount of possible tip distortions.

A. Image Comparison

The FIB fabricated artifacts with controlled statistic charac-
teristics are shown in Figs. 1-3. The C1 probe was used in the
AFM measurements. In Fig. 1, we depict the surfaces with a
Gaussian height distribution. Their autocorrelation lengths are
200, 320, 400, and 500 nm, respectively. The scanned data were
cropped to extract only the effective roughness area and then
aligned to the design template manually for clarity. Intuitively,
we can make two determinations. First, the acquired topography
matches well with the design template. One-to-one correspon-
dence of the concave and convex structures can be unambigu-
ously observed. Second, tip dilations on the surface with the
autocorrelation length of 200 nm are much more severe than
those on the surfaces with larger autocorrelation lengths. Note
that these four samples have similar amplitude properties.

Fig. 2 illustrates the roughness artifacts with the negative
skewness of —1. A negative skewness indicates the prepon-
derance of surface valleys against peaks. Accordingly, the im-
ages are dominated by bright areas, which mean higher surface
heights in shading. Again, the measured data coincide very well
with the design template and the tip dilations on the surface with
a smaller autocorrelation length are much more obvious. These
preliminary comparisons verify that the FIB technique has re-
markable fidelity and resolution in generating the complex 3-D
patterns.

The fabrication results of the rough surfaces with the positive
skewness of 1 are shown in Fig. 3. Compared with the surfaces
with a zero or negative skewness, larger deviations between
the designed and fabricated patterns are observed. Two main
factors can contribute to the phenomena. First, sharp peaks are
the dominant structures in a positively skewed surface while
the FIB fabrication of sharp peaks might be sensitive to the
nonvanishing finite size of the focused beam, the positioning
error, and the repeatability. Remember that the raster scan was
repeated twice in the experiments. The other is more severe tip
dilations on the sharp peaks in AFM scanning [4]. However,
apparent discrepancies appear even in case of surfaces with a
larger autocorrelation length where tip distortions are assumed
to be smaller. The fabrication error is then considered to be
the most likely contribution. Further improvements should be
taken to enhance the stability and the positioning accuracy in
FIB processing. Though the deviation is obvious, the similarity
remains for each pair of surfaces.

B. Surface Template Matching

With the AFM data, quantitative evaluations can be carried
out. For a comprehensive examination of the FIB fabrication
quality, the measured data and the design template should be
compared. It is worthy to mention that their coordinate systems
are not necessarily the same due to different sample tilts, scan
directions, scan areas, and sampling intervals in AFM measure-
ments. The comparison cannot be realized by a simple subtrac-
tion operation, and so we performed the template matching first.
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Fig. 1. FIB fabrication results of the roughness artifacts with Gaussian surface height distribution. (a)—(d) Design templates. The autocorrelation lengths are 200,
320, 400, and 500 nm, respectively. (e)—(h) Corresponding measured AFM images.
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Fig. 2. FIB fabrication results of the roughness artifacts with the negative skewness of —1. (a)—(d) Design templates. The autocorrelation lengths are 200, 320,
400, and 500 nm, respectively. (e)—(h) Corresponding measured AFM images.

Considering the practical experimental conditions, only the rigid The design template contains discrete coordinate data. In the
translation and rotation between the two data sets are taken into  matching, the template is fitted into a nonuniform rational B-
account whereas the possible shear and affine transformations  spline (NURBS) surface. The sum of the orthogonal distances
are neglected for the sake of simplicity. from the measured data set, which is after optimal rotation and
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Fig. 3.
and 500 nm, respectively. (e)—(h) Corresponding measured AFM images.

translation, to the NURBS surface is applied as an error metric
[22]

N
E=>) |Rm;+T-d (4)

i=1

where R is the rotation matrix and T is the translation vec-
tor. M = {m;, m,...,my} denote the measured data and
D ={d;,ds,...,dy} represent the projection points associ-
ated with M on the NURBS surface. The matching is solved
iteratively to minimize the squared distance between the two
surfaces by using the Levenberg—Marquardt algorithm. This
derivative-based method, which employs continuous template
functions, has been demonstrated to prevail against conventional
iterative closest point method on the 3-D rough surface registra-
tion. Substantial improvements in both accuracy and efficiency
can be achieved [23].

Typical residuals of the series of surfaces after template
matching are shown in Fig. 4. From the results, the distribu-
tions of the residuals are quite isotropic. The spatial positions,
where the residuals are larger, are in general accordance with the
positions of the peaks and valleys. Compared with the skewed
surfaces, the maxima of the local residuals calculated on the
Gaussian surfaces are smaller. In addition, the influence of skew-
ness on the fabrication accuracy seems to be larger than that of
the autocorrelation length. The root-mean-square (rms) residu-
als of all the fabricated Gaussian and negatively skewed surfaces
are in the same magnitude of approximately 5.0 nm, as presented
in Table I. And the rms residual keeps almost constant when the
autocorrelation length is varied. For the positively skewed sur-
faces, the rms residuals are approximately 15.7 nm, which are

0 nm

FIB fabrication results of the roughness artifacts with the positive skewness of 1. (a)—(d) Design templates. The autocorrelation lengths are 200, 320, 400,

nearly three times of those obtained on the surfaces with a near
zero or negative skewness. The quantitative evaluations verify
the qualitative observations depicted in Figs. 1-3. The FIB fab-
rication of the complex 3-D patterns is demonstrated to have the
nanoscale precision.

C. Surface Parameters Comparison

Though the template matching can provide a systematic eval-
uation among the sampled volume, the degree of agreement
in the separated amplitude, spatial, and hybrid features remains
not so clear from the analyzed residuals. Therefore, comparisons
of a group of surface parameters are performed. According to
the template matching result, the effective roughness region is
firstly extracted and transformed. Then, the mean plane of the
surface data is determined and subtracted. The surface rough-
ness parameters are evaluated from the pre-processed data. We
have calculated 14 popular parameters for each data set [15].
Fig. 5 demonstrates the results on some typical parameters.
They are ten-point surface height 5., skewness S, autocor-
relation length at the 0.2 decay S,;20, and rms surface slope
Saq- The ten-point height is the average difference between five
highest peaks and five deepest valleys. These four parameters
characterize surface amplitude, distribution, spatial and hybrid
properties, respectively. They are adopted here to ascertain the
fabrication quality from all these geometric aspects.

The deviation of the parameter ten-point height is generally
satisfactory for each fabricated roughness pattern. The relative
errors are in the range of —3.1% to 5.0%, —5.2% to 0.9%, and
—12.2% to 10.9% for the Gaussian, negatively skewed, and pos-
itively skewed surfaces, respectively. The extreme amplitudes
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)

Fig. 4.

(k) Y]

Residuals of the measured surface after template matching. (a) Skewness S; = 0, autocorrelation length A = 200 nm. (b) Ss; = —1, A = 200 nm.

(©) Ssp = 1, A = 200 nm. (d) S5z = 0, A = 320 nm. () Sy, = —1, A = 320 nm. (f) Sy, = 1, » = 320 nm. (g) Sy = 0, . = 400 nm. (h) Sy, = —1, A =
400 nm. (i) Sy = 1, A = 400 nm. (j) Sy = 0, A = 500 nm. (k) Sy = —1, A = 500 nm. (I) Sy, = 1, A = 500 nm.

are accurately controlled. As to the parameter skewness, the
deviation is smaller for the surface with a Gaussian distribution
or a negative skewness, whereas a larger deviation is found for
the surface with a positive skewness. The height distribution
of the positively skewed surface is dramatically distorted. The
comparison results on the fastest decay autocorrelation length
are satisfactory for the both kinds of surfaces with zero and
negative skewnesses whereas a large error is found for the sur-
face with a positive skewness. A reason for the large divergence
for the positive skewness of 1 may be, as discussed earlier, that
sharp peaks are the dominant structures in such a surface and that
these may have led to significant fabrication errors when using
the FIB source. Concerning the parameter rms surface slope, the
deviations are acceptable for all the fabricated surfaces. From
the evaluations of another parameter rms roughness (.5, ), the
relative errors are found to be within the range of —6.3% t0 9.1%

TABLE I
RMS RESIDUALS OF THE MEASURED SURFACES

Root-mean-square residual (nm)

Autocorrelation length

Skewness
200 320 400 500
0 5.0 49 5.0 42
-1 55 44 54 515
1 142 14.0 17.8 16.8

for the surfaces with the skewness of O or —1. The errors are
larger for the surfaces with the skewness of 1 and they almost
increase to the range of —15.4% to 16.3%. Moreover, parameter
Sy is less sensitive to noise and being the most stable in AFM
characterization because it is the average amplitude.
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Comparisons of typical parameters of the surfaces with different height distributions, namely, normal distribution (zero S, ), negatively skewed (negative

Ssr ), and positively skewed (positive S,y ). Four surfaces with increasing autocorrelation length (from left to right) are evaluated in each series. (a) Ten-point
height S, (b) skewness S}, (c) autocorrelation length at the 0.2 decay S,;2¢, and (d) rms surface slope S, .

Above results demonstrate that the surface amplitude, dis-
tribution, spatial, and hybrid properties are well recurred. The
statistic quantities of the roughness patterns can be controlled
with nanoscale accuracy. In general, the fabrication of the com-
plex roughness artifacts through FIB method is quite promising.
However, further optimizations of the fabrication procedures
are demanded when a highly positively skewed surface is to be
fabricated.

D. Blind Tip Estimation on Roughness Artifacts

The artifacts with controlled surface parameters can be
adopted for the validation of nanoscale roughness evaluations
and the elucidation of various influencing factors as reference
materials. In SPM characterization, it is well known that tip di-
lations will significantly affect the roughness measurements [4],
[5]. As a reverse problem, here we focus on analyzing the ac-
curacy of blind tip estimation performed on the scanned surface
data. Such an analysis can provide an indication of the amount
of possible tip dilations and highlight the tip-sample geometric
coupling in the measurements.

The finite tip size is recognized as one of the most impor-
tant factors in SPM dimensional metrology, such as the mea-
surements of surface roughness, line width, and particle size.
The tip shape is also significant in other applications of the
microscope, for example nanoindentation and electric charac-
terization [24]. A critical problem is thus to determine the tip

geometry. Certainly, one can measure the tip by SEM or trans-
mission electron microscopy (TEM). But electron microscopy
imaging is not convenient for in situ tip determination. Another
alternative way is to scan the tip on known structures, such
as nanotubes, nanoparticles, self-assembled monolayers, and
comb-shaped specimens. These specially developed structures
often severe as tip characterizers [25], [26]. Unfortunately, such
off-line methods preclude in situ analysis on practical experi-
mental samples. On the contrary, blind tip estimation is able to
reconstruct the tip geometry only from the scanned image. It
can be applied to all kinds of surfaces, either with or without
defined structures. Mathematically, the tip estimation is solved
in a nesting approach [27]

pry1(x) = min { max {min[i(x + x — v)
x'eD; vED,

+pr(v) —i(x), e (x)]}} ®)

where ¢ denotes the image and p denotes the reflected tip, v
is the displacement vector of the tip at the point of x in the
scanned AFM image, and k is the iteration step. Symbols Dy
and D, represent domains of the image and the reflected tip,
respectively. The tip estimation procedure can be implemented
flexibly since it does not require any prior knowledge of the
sample topography [28].

The blind tip estimations using (5) are carried out with
the Gwyddion software [29]. Fig. 6 presents the typical AFM
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Fig. 6.

Blind tip estimation on the AFM images of the surfaces with different parameters. (a)—(d) AFM images and estimated probes of the Gaussian surfaces

with the autocorrelation lengths of 200, 320, 400, and 500 nm. (e)—(h) AFM images and estimated probes of the negatively skewed surfaces with the autocorrelation

lengths of 200, 320, 400, and 500 nm.

images and the estimated tips. The adopted probe is the C2
type. In fact, the images are very similar to those acquired by
the C1 probe. The three-sided pyramid geometry of the probe
tip is reasonably reconstructed from each measured image but
the tip size is different. In principle, blind tip estimation only
provides an upper bound of the real tip geometry. Because the
estimated tip is not necessarily close to its real size, a rough
determination of the reliability of the achieved tip dimension is
demanded.

In order to facilitate the discussion, we begin with analyzing
the simplest case where a roughness profile is scanned. The rms
curvature can be calculated from the spectral density, which is
the Fourier transform of the autocorrelation function [30]. If
the profile has a Gaussian spectrum, the rms curvature can be

approximated as shown

v=as; ®)
where « is a constant. For an autocorrelation function in the
form of (1), the factor « is determined to be 3'/2(2/7)'/* x
2.3. The rms curvature is quite sensitive to the variation of the
autocorrelation length A. When only the geometric interactions
are taken into account, two major factors are reasonably assumed
to affect the accuracy of blind tip estimation. The first is the ratio
of tip curvature to surface rms curvature. If the ratio is extremely
small, the tip can fail to trace the profile faithfully because
the coupled tip information is significant [31]. Therefore, the

blind tip estimation performed on the acquired image will be
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Fig. 7. Estimated half-cone angle of the tip when the surface autocorrelation
length increases.

relatively accurate. That is to say, the accuracy is associated with
the amplitude and spatial surface parameters of the sample. The
other factor is the height distribution. The dominance of peaks or
valleys in a highly skewed surface will cause larger tip dilations
and help to improve the tip estimation accuracy. In total, the
validity of the numerically analyzed probe tip can be determined
by

)\42
Uchal

§ XX (7
where £ denotes the tip estimation error and Y is a factor relevant
to the height distribution. R,.,) denotes the actual tip radius.
Due to the large scan size of 8 um x 8 pm and the limited sam-
pling points of 512 pixels x 512 pixels in the acquired image,
the very tip apex fails to be estimated. Moreover, the nominal
tip radius is smaller than 10 nm. As a result, the half-cone angle
is more suitable to quantify the tip size than the apex radius in
this case. The cone angles along all the directions in the pyramid
structures are then calculated. The mean half-cone angles and
their standard deviations are shown in Fig. 7. The estimated tip
angle is determined to be 69.8° & 1.7° for the Gaussian surface
with the autocorrelation length of 200 nm. The half-cone angle
gradually increases up to 76.9° = 1.5° when the autocorrelation
length increases to 500 nm. The increment is obvious and the
general tendency is in accord with the simple analysis presented
in (7). The above results suggest the sample surfaces with larger
autocorrelation lengths are beneficial for the precise measure-
ments if other conditions are the same. Characterizations of thin
film roughness have already demonstrated that the amplitude
and spatial surface parameters measured by AFM are accept-
able as long as the radius of the major features in the image
is several times of the tip radius [32]. Such an indication is in
accord with the conclusion made from above tip estimations.
For the non-Gaussian surface with the autocorrelation length
of 200 nm, the estimated tip angle is 70.1° £ 2.2°. The mean
value of the estimated tip angle is free of significant variation
while its standard deviation becomes larger when the autocorre-
lation length increases. If a rough surface with a highly skewed
height distribution is scanned, the tip dilations are dramatic at the
dominated sharp peaks or deep valleys. Consequently, the blind
tip estimation is much more accurate. However, depending on

AceV  Spot Magn
500KV 40 200000xTLD 6.1

Det WD |—— 200 nm
usTC

Fig. 8. SEM image of the probe adopted for AFM imaging. The cone angle
is measured automatically.

whether sufficient peaks or valleys present in a certain direction
or not, the estimated tip profile could be randomly deviated.
For verification of the blind tip estimation, we compared the
results with SEM experiments. From the photograph presented
in Fig. 8, we can find that the C2 probe tip is exactly in the three-
sided pyramid form. The two very edges of the tip were then
tracked automatically by using a custom-written program. A
least square linear fit of each extracted edge was applied and the
angle between the two fitted lines was calculated. The half-cone
angle was finally determined to be 69.1°. The magnitudes ob-
tained by blind tip estimations performed on the surfaces with
the autocorrelation length of 200 nm are in well accordance
with the value obtained by SEM image analysis. Both the tip
geometry and size have been precisely determined. It should be
mentioned that the estimated tip angle of the sharp C1 probe tip
is much greater than the SEM measured one. Compared with the
actual angle of approximately 25.0°, the relative deviations are
in the range of 40.2% to 54.8%. The increment of the estimation
error can be expected when the real tip is sharper, as demon-
strated in (7). On the other hand, the dependence of estimation
accuracy on the surface autocorrelation length is the same as
the C2 probe tip. It is hoped that the roughness artifacts may
be additionally adopted as a kind of tip characterizers by con-
trolling the height distributions and autocorrelation functions of
the design surfaces properly. From the geometric point of view,
decreasing the surface autocorrelation length and increasing the
absolute skewness will enhance the precise tip estimation.

IV. CONCLUSION

In conclusion, a series of roughness patterns at the mi-
cro/nanoscale with specified statistic quantities were fabricated
by FIB lithography. Template matching was performed to as-
certain the FIB fabrications and AFM measurements. Results
show the typical residuals of the Gaussian, negatively skewed,
and positively skewed surfaces are approximately 4.8, 5.2, and
15.7 nm at the full dimension of 5120 nm x 5120 nm X
121 nm. For the surfaces with the same skewness but different
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autocorrelation lengths, the rms residuals have no significant
differences. Fabrications of Gaussian and negatively skewed
surfaces seem to be more accurate than positively skewed sur-
faces. Evaluations of several surface parameters, which charac-
terize the surface amplitude, horizontal, and hybrid geometric
properties, demonstrate that the roughness characteristics can be
precisely controlled except for the surfaces with a large positive
skewness. In general, the FIB fabrications of the complex 3-D
roughness structures are satisfactory.

To further reveal the geometric coupling of the tip and sam-
ple in AFM measurement, blind tip estimations on the scanned
images were also carried out. The estimated tip shape and size
are in accord with the SEM determinations. The tip estima-
tion error increases with the increase of autocorrelation length
and the skewed surfaces help to improve the accuracy. By a
proper design of height distribution and autocorrelation length,
the roughness artifacts may be additionally adopted as a kind of
tip characterizers.

After necessary improvements, the developed artifacts can
serve as reference roughness specimens for validating the sur-
face areal roughness evaluations at the nanometer scale and
supporting more quantitative experimental investigations on the
functional performances, which are correlated to the surface
roughness. The irregular artifacts have a potential for applica-
tions in surface nanometrology and a variety of relevant research
areas.
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