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SURFACE IMAGE ARTIFACTS CONNECTED WITH THE GEOMETRY AN ATOMIC
FORCE MICROSCOPE TIP
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In paper the effect convolution arising at surface scanning by method of atomic force microscopy is considered. The processes
occurring in system "tip-surface" are analyzed. The estimation of critical parameters of a tip and of a tip point, also a degree of influence of
these parameters on a surface is made at scanning. It is shown, that of the step form tip allows to minimize many artifacts and to receive

correct topography of a surface with complex morphology.

1. Introduction

Scanning probe microscopy (SPM) is subdivided into
scanning tunnel microscopy (STM) and atomic force
microscopy (AFM). Both of a method mutually supplement
each other and allow receiving rather extensive information
on various characteristics of a surface. However there is an
essential difference between them from the point of view of
the spatial resolution. If STM really shows the resolution
down to atomic, for AFM the level of the molecular-atomic
resolution (especially in lateral planes) is while an
unattainable level. A principal cause here is that resolution
AFM very strongly depends from geometrical sizes of the
microscope tip point.

Even though atomic force microscopy [1,2] has been
successful in imaging surfaces with atomic resolution, it is
still doubtful whether true atomic resolution is really
obtained. Most images reported show perfect crystal lattices
or defects much larger than atomic scale defects. On the other
hand, the situation in scanning tunneling microscopy is quite
different and images with point defects are routinely obtained
[3]. This is usually attributed to the fact that the tunneling
current is laterally localized in an area of few angstroms in
diameter, while in atomic force microscopy the effective part
of the probing tip is laterally much larger. So the atomic
resolution is not obtained by a point interaction but by a
superposition (convolution) of several interactions between
the atoms in the tip and the sample. This assumption is
justifiable if one considers that even in the case of a diamond
tip and a diamond sample, using typical loads, the tip-sample
contact area is larger than a single-atom one [4,5]. The two
surfaces (tip and sample) are generally deformed when they
are in contact [6]. For softer materials this tendency for larger
contact areas under load is even more prevalent [4]. For
materials with layered structures (e.g. pyrolytic graphite) the
assumption that the tip drags a flake of the material as it
scans the surface has proved to be very fruitful [7] and
provides results in agreement with the experiments.
Especially for the layered materials the same considerations
of flake-like tips (or multiple-atom tips) can be also applied
to the STM imaging mechanism. However, the usual case in
STM pictures is the imaging of single-point defects in a
variety of materials. This excludes the possibility of laterally
large effective tips as has been shown [8].

In a word, there are two physical mechanisms that make
the tip-sample contact area become of some considerable
size: a) loads (even the lowest ones) result in a flat contact
area of considerable size; b) especially for layered materials
the tip drags a flake of the sample probed and this flake is the

effective tip. The main difference between the two cases is
that while in the first case the material of the tip is in general
different from the material of the sample, in the second case
the effective flake like tip is of the same material. At last, tip
with big radius is not able to track precisely sharp relief with
big height drops on the surface [9-11], this is third physical
factor that makes the tip-sample contact area becomes of
considerable size.

Thus, for topographic AFM studies of larger scale
structures the macroscopic shape of the tip becomes very
important. So, it is necessary to have a limiting small radius
of the microscope’s tip. However, as for the further analysis
tip parameters are the most important ones, so we can rule
out the possibility to study the second factor in the system of
“tip-surface”.

2. The processes being in the system “tip-surface”

Here several various cases can be arisen. The first case is
recesses or rises on the surface of half-sphere-typed with the
radius much bigger than the tip radius. Here surface
topography is tracked with maximum accuracy. Therefore
there are no problems in data interpretation for these two
cases. But such "ideal" surfaces which can be investigated a
tip of the big radius, in atomic force microscopy meet
seldom.

The second case: there has been a recess with sharp edges
on the surface; in this case its lateral sizes are bigger than tip
ones. The tip falls until back control system touches the
recess bottom. Here at the expense of interaction of recess
front edge with lateral side of tip we obtain not the image of
recess lateral edges but the image of tip lateral surface. There
have been taken place size distortion in the direction of
scanning surface and data loss as a result. There has been a
step with sharp edges up on the surface. The tip is moving
over the surface measuring surface relief till the beginning of
the interaction of its lateral surface with the step edge. The
relief of the tip lateral surface starts to be represented and the
value of distortion and data loss depends on the distance
between the tip and surface: the less is the distance, the less is
distortion. In this case to minimize given distortion it is
possible only by means of a tip with small radius of a point.

The third case: the apparent sizes of features can be also
affected by the topography around them. For example, if one
investigates spherical particles adsorbed on a rough substrate
their shape will be partially determined by the topography of
the substrate around them (we assume that spherical particles
dimensions are in the order of the tip’s radius of curvature).
fig.1 shows schematically this distortion: even if two
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particles are exactly the same, they will be imaged differently
if one is on a peak and the other in a valley, due to
convolution of the tip and the sample. The thick line shows
the apparent height corrugation. The particle in the valley
seems lower (h;<h,) and more flattened (w;>w,) than the
particle on the peak.

Fig.1. The effect of particle shape at surface local topography.

The fourth case: a tip with a relatively large cone angle
fails to penetrate into deep and narrow grooves on the sample
surface. This leads to underestimation of their depth and
smoothing of their edges (fig. 2(a)). One point of recess edge
touches lateral surface of the tip. Tip displacement trajectory
do not describes recess surface, but tip surface. Although the
height of protrusions can be recorded quite accurately their
edges are being smoothed and their lateral size is
overestimated (fig. 2(b)).
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Fig. 2. The effect of tip geometry at AFM imaging (thick line):
a) a groove and b) a protrusion.

Due to finite size of the tip artifacts are produced and the
resulting image is a convolution between the shape of the tip
and the topography of the sample. Therefore is this case
interaction between the tip and surface changes from the
system “tip-surface” to the system “tip-cluster surface”, tip
displacement trajectory describes the image of the tip itself.
In this case there is a restriction connected with geometry of a
tip. There can be areas in which the image basically is
defined by the form of a tip and geometry of its fastening. As
a first approximation these so-called “dead zones” can be
defined as  follows: L, ~ h xtg(p, —a) and
L, ~ hy,xtg(a+¢,) ,where a—a corer of fastening of
a tip with cantilever. At ¢;> a, that is typical for the majority
industrial cantilevers, having a corner of fastening a > 15°,

the area of “dead zone” L; for "step" is defined only by radius
of curvature of a tip. The size of area of “dead zone” L, for

conic tips with a corner of convergence 22° (¢, = 11°) and
o = 20° turns out significant and is L, = 0, 6 x /.

Thus, the brief analysis of the artifacts arising in system
"tip-surface" has shown, that accuracy of convolution task
decision in AFM to those above, than it is less radius of a tip
curvature and than less corner of convergence of a tip cone.

3. The critical physic mechanical parameters of the tip

So to obtain a clear AFM-topography of the surface with
complex relief it is necessary to have the tip with low radius
and high mechanical stiffness. But tips from Siz;N, which are
widely applied in atomic force microscopy though have high
mechanical stiffness have such lacks, as the big radius of a tip
curvature and the big corner of a tip point. In the first case the
possibility of achievement of the high AFM resolution, and
the second lack not is excluded is correct to measure complex
surfaces. All this does not provide an opportunity of precision
measurements of a surface topography by means of AFM.
From this point of view more perspective are tungsten tips.
However all technologies of tungsten tips making until
recently had the certain restrictions.

How can we reduce the radius of the tip? If we use most
widespread method of electrochemical etching the magnitude
of the obtained tip is defined by the relationship:

R~ p AL (1)
4O-MV

where D is diameter of tip wire; AL is length of separating
part; p is specific density of tip agent; o, is ultimate
resistance to tip agent breakage. For tungsten being one the
conventional materials at producing the tip specific weight
y=1, 89x10° N/m’; ¢, = 7, 11 x10° N/m?. It follows that it is
possible to obtain the tip with reasonable values of tip radius
<10 nm from wire of low diameter (<10“m). However the tip
with such diameter has low mechanic stiffness in longitudinal
and lateral direction and mechanical, thermal and quantum
fluctuations can worsen stability of atom force microscope
operation. Let us evaluate amplitude of longitudinal and
lateral oscillations of tip of two tips in diameter 10~m (Tip1)
and 10™m (Tip2) at their similar length 10”m. It is known
that mean square of amplitude of quantum <Xq2 > and thermal
<X7> fluctuations of oscillating system on resonance
frequency is defined as

o\ _ ho
<Xq>——KM 2

T
(Xi)=%- ®

where k is Boltzmann’s constant; T is temperature; K, is
effective stiffness of oscillating system; w, is its resonance
frequency equal to VKy /m; m is equivalent mass of
oscillating system. Lateral K;;; and longitudinal K, stiffness
of tip can be determined with sufficient accuracy using the
following expressions:
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where E is Young’s modulus, L is tip length. If we substitute
in formulae (2-5) typical parameter magnitudes we get
following values for thermal and quantum fluctuations (table
1 and table 2).

Table 1
Tip 1
Longitud Lateral
inal oscillations
oscillatio
ns
L, (m) 107 107
D, (m) 10° 10°
Ky, (N/m) 1,5x107 3,1x10*
oo, (Hz) 3,2x10° 1,2x10*
[<X>>17%, (m) 1,8x1078 3,5x1077
[<X1>>]", (m) 3,3x10™ 6,7x10"

As it follows from table 1 and table 2, tip 2 has deficient
mechanical stiffness. But if the tip diameter is 10°m tip
radius is prohibitively big (see formula (1)).

Table 2
Tip 2
Longitud Lateral
inal oscillations
oscillatio
ns
L, (m) 107 102
D, (m) 10 10*
Ky, (N/m) 1,6x10° 2,9x10'
o, (Hz) 2,1x10° 2,8x10°
[<X>17, (m) 1,7x10"7 1,1x10'6
[<X1>>]", (m) 3,1x107" 2,1x107""

In addition, it is necessary to estimate of mechanical
stability of a tip point. Let us evaluate amplitudes of quantum
and thermal fluctuations of a tip point in the form of the cone
in length 1nm and diameter at the base 0, 5 nm according to
formulae (2 — 5) (Table 3).

Table 3
Point of a tip
Longitudin
al Lateral

oscillations oscillations
L, (m) 107 107
D, (m) 5x10710 5x10710
Ky, (N/m) 7,9%x10" 0,2x10"
®o, (Hz) 1,1x10" 6,1x10"
[<X,>1%, (m) 1,1x10"2 6,3x107"2
[<X1>>]%, (m) 1,210 1,310

As it follows from table 3 the lateral thermal fluctuations
of a tip point has large amplitude ~10"°m. In accordance to
the calculations the amplitude of tip point oscillations can
reach one angstrom. But is must be confirmed by the
presence of “blurred” sections on SPM-images of the surface
at the atomic resolution. However, virtually experimental
data do not confirm this fact. These oscillations occur on the
frequency of the main lateral mechanical resonance of a tip
point equal to w, = 6, 1x10"" Hz. As frequency bands of
electron system stability of SPM control do not exceed @, =
10° Hz, minimum time of measurement is z; = 107 s. It excels
the time when averaging of a tip point oscillations is taken
place with frequency ~100 kHz equal to 7, =2Q/ w, where Q
is quality factor of oscillating system. As a result of

averaging the accuracy of mean position determination of tip
point increases by n = \/z, /7, . If we assume O =100 we

get n =~ 10°. In this case amplitude of a tip point thermal
fluctuations is AX7,;, = {[<XT2>]'/2}/n =10"m, i.e. the less of
1/100 of angstrom that is quite enough for practical purposes.
Thus a tip’s point mechanical stability of typical geometry
and sizes do not have a significant influence on reading
surface image on SPM.

4. The tungsten tips with a step form

As it was already marked, the tip should have extremely
small radius of a tip point and simultaneously possess
sufficient mechanical stiffness. At manufacturing a tip by a
method of electrochemical etching it is not possible to
provide performance of both these conditions, since there is a
connection between initial diameter of a wire and the
received radius of a tip point (fig. 3(a)). Therefore, with the
purpose of reception of a tip with small radius of a tip point
and high mechanical stiffness the technique in which basis
the method of reception of a tip of the step form lays at
electrochemical etching (fig. 3(b)) has been developed. Thus
at the initial stage etching goes in regular intervals on all
length of the part of a tungsten wire shipped in a solution.
After some time the wire is a little extended from a solution
and process proceeds, and etching already goes on smaller, in
comparison with initial, to diameter. It allows ~8x10™* m to
spend at initial diameter of a wire a final stage of etching at
working diameter ~4x10” m, that as a result gives a tip with
small enough radius of a point (<20 nm) and, owing to the
geometrical

Iy D
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Fig. 3. Classical (a) and step (b) methods of tungsten tips
electrochemical etching.

form, high mechanical stiffness. Such step form tip has
optimum parameters (fig. 4). Those tips allow of artifacts
being at the investigation of surfaces with complex relief to
be minimized.
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Fig. 4. SEM-images of a step tungsten tip and a tip point.

Thus, the decision of a task on reduction of a “dead zone”

case the form of a tip is in advance known and can be
correctly considered at interpretation of results of AFM
measurements. All this makes this type tips extremely
perspective for application in analytical atomic force
microscopy.

at AFM measurements of deep recesses and protrusion
surfaces has demanded development of special
manufacturing techniques an atomic force microscope tips —
technology of step form tips electrochemical etching. In this
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ATOM-QUVVO MiKROSKOPUN iYNOSININ HONDOSi FORMASI iLO BAGLI OLAN SOTHIN
GOSTORMOSININ ARTEFAKTLARI

Mogalode atom-qiivve mikroskopiya metodu ilo sothin todqiqi zamami tozahiir edon konvoliyusiya effektine baxilmisdir. “Iyne-soth”
sistemindo olan proseslor aragdirilmisdir. fynonin va iyne ucu itiliyinin kritik parametrlori, eyni zamanda bu parametrlorin skan zamam sotho
tosir deracasi qiymeotlondirilmisdir. Gostorilmigdir ki, pills formasinda olan iyno artefaktlarin oksoriyystinin minimallagdirmasina vo
miirokkob morfologiyaya malik olan sothin korrekt topoqrafiyasinin alinmasina imkan verir.

C.J. Anexnepos

APTE®AKTBI U30B5PAKEHUS ITIOBEPXHOCTH, CBA3AHHBIE C TEOMETPHUEM UT'JIbI ATOMHO-
CHJIOBOI'O MUKPOCKOIIA

B pabore paccmotrpen 3¢ dexT KOHBOMONNN, BO3HUKAIOMINI PH UCCIIEA0BAHAN TIOBEPXHOCTH METOIOM aTOMHO-CHIIOBOH MHKPOCKOIINH.
[Tpoanann3upoBaHbI MPOLECCH, TPOUCXOASIINE B CHCTEME «HIITIA-MIOBEPXHOCTH». [Ipon3BenieHa oneHKa KpUTHIECKUX MapaMeTPOB UINIBI 1
OCTpHSI UIJIBI, @ TAKOKe CTCIICHH BIIMSHUS ATUX MapaMeTpoB HA MOBEPXHOCTH IPH CKaHHpOBAaHHHU. [Toka3aHo, UTO UIJIa CTYNEHYaTOl GOopMbI
103BOJISIET MUHUMH3UPOBATh MHOTHE apTe(aKThl U IMOIYIUTh KOPPEKTHYIO TOIIOTPa(HIO IIOBEPXHOCTH CO CIOKHOH MOP(OIIOTHEH.
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