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Image Contrast in the Lateral Force Mode
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0. V.Carban, EISalamatov, S.G. Bystrov, A.V.Zhilharev

Physico-Technical Institute Urdd of HAS,
132 Kirov st., Izhevsk, {26001 Hussia

(Received 26 February 2001, accepled for publication | March 2001 )

Peculiarities of {he image contrast formation have been studied while
investigating samples with differenl surface topography by lateral force
microscopy (LI'M}. The main contribution to the lateral image contrast
has been shown to come from the chemical composition, which makes it
possible to use this method for distinguishing betwesn structurally close
nanophases. The confrast formation has been analyzed at various scan
rates.

Introduciion

It iz well known [1] that many properties of nanomaterials (clastic, thermal
and dielectric) are determined by the crystallite size and the interface structure
depending on the preparation technology. That ia why of great impaortance ia the
study of the material structure at micro- and nanoscales. Convenlional methods
for the material structure investigation like X.ray diflraction, SEM and TEM
arc not always suitable for this purpose, The atomic force microscopy (AFM)
intensively developed in the last years allows one to determine the peculiarities
of the nanomaterial topography at the cleaved surface which are due to the
structural characteristics at the nanoscale. The resulls ol lopographical AFM
studies may be substantially enhanced by simultaneous analysis of the LFM-
images. The measured lateral force is strongly related to the surface physico-
chemical properties of the nanoareas. Therefore this method is used to study
adhesion, [riction, scratching/wear, indentation etc. The main difficulty arising
when interpreting the lateral linage oblained consists in distingmishing between
the contributions to the image conlrast coming from the topographical features
and the local physico-chemical characteristics of the surface. This problem is
especially urgent in the multiphase stricture investigalion. The present work is
devoted to estimation of the eflect of the surface roughness and the scan ratce
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on the lateral-force image contrast of different phases in multiphasc materials
previously studied by various lechniques.

Specimens and experimental

The measurcments were performed using a P4-Solver scanuing probe micro-
scope (NT-MTD, Russia) and silicon rectangular cantilevers (CS12, NT-MTD)
with the radius of curvature of the tip of less than 10 nm. The scanning direc-
tion was perpendicular to the long axis of the cantilever beam. The scan rate
ranged [rom 0.2 to 45 pm/sec. The samples under investigalion were classified
into three groups:

a) single crystals of Y, Fr;AlOy (& = 0.05,0.07,0.1,0.2) grown by horizon-
tally oriented crystallization;

b) nanoceramics obtained by magnetic-pulse compacting [2] of Al:Os + 1.5%
Mg0 powder with subsequent baking at various temperatures in the range
of 1000-1450°C;

c) the cermet obtained by pressing al room temperature and sintering at 1940
K in vacuum of the Al O3 powder and steel powder of Lhe Fer CrisNigg T,
composition. The cermet composition was 81% of Al,O3 and 19% of steel
[3].

The samples were [reshly cleaved and studied in le air atmos phere,

Experimental results and discussion

a) Aluminates Y, . Fr.AlOy

The single crystals of Y, ;Er;AlO; are widely used as laser materials. X-
ray diffraction studies of the structure of thesc materials did not reveal the
presence of nanoscale areas, whereas the results of the experiments on the con-
centrational dependence of nuclear magnelic resonance (NMR) spectra provide
indirect evidence for the cluster formation and the appearance of nanophases
of Y75Fn ;g:"iloa and Y, ;glﬁrrﬂﬁlﬂa composition in these crystals [4]. The dil-
ference in the poiul defect concentration between these nanophases [5] caused
by erystallization conditions is responsible for different mechanical characteris-
tics of these nanoareas. For AFM investigation areas with monotonous surface
relief were selected. Rool mean square roughness (K,) was less than 5 nm.
The LFM study of aluminates in lateral force mode revealed the presence of
Incal areas with different physico-chemical properties. Alternating stripes 20—
100 nm in width of different brightness constitute the observed structure. An
irage representative of the structure observed is given in Fig.1 for Yo.3Eq2A10s.
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Figure 1, 3D-AFM image (a) and 2D-LFM image () for Yo gErg o A0,

Lower brightness corresponds Lo sinaller lateral friction force, Hardness of the
Er-enriched nancareas is presumably lower than thal of the Fr-depleted arcas,
which must resull in the increase in the [riction force due to a larger tip-sample
contact area. Hence, a grealer lateral friction force {dark stripe) corresponds to
Er-enriched nanoareas. This structure remains unchanged when varving both
the scan size and scanning direction. The stripe width depends on the erbium
caontent.

Adhesive foree measurements were perforined in the “lorce calibration mode”
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Figure 2. Force-distance curves for Yo sEr 3A10s. a) dark stripe; b)
bright stripe.
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Figure 3. Phase contrast K vs the scan rate.

[6). The adhesive force variation for dark (Fig. 2a) and bright (I'ig. 2b) nanoar-
eas may be judged from the forcc distance curves. As we have used a polar
tip (silicon oxide), the increase in the force of tip-surface adhesion suggests an
increase in polarity and a decrease in hydrophobic characteristic of the surface.
This is due to the fact that the more defect phase (enriched in Er) has a more
chemically active surface.
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Figure 4. 3D-AIM image (ac) and 2D-LFM image (bd) for Al.Os
nanoceramics baked at 1170° (a,b) and at 1410°C (c.d).

Dependence of the lateral force on the scan rate was investigated for the scan
rates ranging from 0.9 to 45 um/s. Fig. 3 shows the scan rate dependence of the
phase contrast f{ which was defined as the normalized difference between the
maximum and ounimum values of the Mriction coellicient for the given sample.
With decrcasing scan rate the phase conirast increases (Fig. 3), which is in
agreement with previous results [7].

b) Al,04 nanoccramic
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Figure 5. TForce-distance curves for Al Oy nanoceramics baked at
1170°C: a) point 1 (Fig. 4b); b) point 2 (Fig. 4b).

Nanoceramic samples baked at lemperatures < 1300°C (group 1)} and >
1400°C (group 11) were chosen to solve the problem of the effect of polyerystalline
structure on the image contrast in the lateral [orce mode. According to the X-
ray data (2], the average grain size for the first-group samples was 25-150 nm,
whercas the particle size from the AFM study amounted to 200-450 nm. For
the second group the grain size coincides with the average particle size of 800-
1500 nm. In spite of a rather developed surface relief (R, ranging from 25 lo
130 nm), for all the samples the main contribution to the change of the lateral
image contrast comes from the interfacial regions (Fig. 4}, since they differ from
Lhe host in chemical composition and mechanical characteristics. Tn fact, the
adhesive forces between tip and swnple differ (Dig. 5) for the surface areas at the
interface (point 2) and beyond it (point 1 in Fig, 4bh). Since the AFM-images
for Lhe samples of the first group exhibit no difference in contrast hetween the
grains, it may be concluded that the difference in grain orientation does not
affect the lateral force image contrast.

The lateral image allows one to obtain additional information on the surface
reliefl and the structure of the interfacial regions. In the first group of samples
breakdown occurs by the intercrystallite mechanism, [or the second group the
nature of breakdown changes from mtercrystalline to intercrystlallite. A slruc-
ture of 25-35 nm size delected in the lateral force mode for the second group
samples is likely to correspond lo the regions of stress concentration emerg-
ing during secondary recrystallization of the saruples. The size of the detected
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Figure 8. 3D-AFM image (a) and 2D-LFM image (b) for cermet.

structure is similar to the gra,in gize of the nrig'ma] pnwde.r.
¢) Cermet

The metal-ceramic materials (cexmets) on Lhe basis of metal oxides {Al;O3)
sintered together with metal powder exhibit extreme strength and chemical and
heat resistance. The scanning electron microscopy made it possible to estimate
the size of structural elements of these cermets but did not succeed in determin-
ing the shape of Fe particles and in distinguishing belween embedded particles
and pores [3]. The AFM investigation showed these malerials to have a pro-
nounced roughness (B, > 50 nm) and the particle size ranging from 0.5 to 2.0
pm. The atomic force microscopy revealed a change in the surface topogra-
phy of Fe particles which previous SEM studies failed to detect. Tig. 6 shows
that despite a developed reliel (peak lo peak value, R,—, = 230 nm) the ma-
jor contribution to the change in lateral forces comes from the phase contrasl,
which allows the phase distribution and the shape of embedded particles to be
visualized. The phase contrast variation with the scan rate from 1 to 10 pm/s
15 presented in Fig. 3. The curves in this figure demonstrate that the rate
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dependence of the lateral contrast increases with increasing surface roughness.

Conclusion

Thus, the studies performed show that although the surface topography con-
tributes Lo the lateral image contrast, the main contribution comes from the local
chemical composition. For sufficiently smooth surfaces (R, < 5 nm), the surface
areas of close crystalline structure with different element concentrations can be
well distinguished, lor A, > 20 nm LFM investigations make it possible to
reveal peculiarities of the relief obtained by AFM studies and to determine the
structure of the interfacial regions.
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