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Abstract

Scanning probe methods like atomic force microscopy (AFM) and related techniques are promising candidates for

morphological, physical, and chemical characterization of surfaces on the sub-micrometer scale. In order to evaluate the

analytical potential of tapping mode AFM for obtaining material speci®c information on surface structures along with

topography, we have studied the in¯uence of various experimental parameters on height and phase contrast using self-

assembled monolayers (SAMs) as well de®ned model systems. The organic ®lms were deposited onto silicon substrates

starting from alkyltrichlorosilanes with methyl-, ester-, and hydroxyl-end groups, respectively. As a result it was found that

reproducibility suffers from the fact that even small changes in parameters determining the force interaction between tip and

sample can lead to pronounced changes in image contrast. Nevertheless it has been possible to identify comparatively stable

regions for the imaging parameters allowing to distinguish different sample systems by their speci®c pattern of height and

phase contrasts, which can be seen as a valuable analytical contribution towards sub-micrometer chemical imaging with

scanning probe microscopy. # 2001 Elsevier Science B.V. All rights reserved.

PACS: 61.16.Ch; 68.60.Bs; 81.70.Jb; 81.15.Lm
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1. Introduction

In many research areas the possibility of analyzing

surface properties with high resolution down to the

atomic or molecular level is becoming increasingly

important. Atomic force microscopy (AFM) is

one of the most powerful techniques for nanoscopic

characterization of surfaces. Usually, obtaining infor-

mation on the sample's morphology is straightfor-

ward, since AFM images primarily contain

topographical information. However, in many cases

also information on other physical (e.g. elasticity,

hardness, tribological behavior) and chemical proper-

ties is needed with sub-micrometer resolution. In

order to access such properties, a number of different

approaches based on the principles of AFM have been

pursued.

Friction force microscopy [1±3] has been shown to

be able to produce image contrast between surface
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regions terminated by different functional groups

through varying friction between the surface and

the AFM tip in contact mode. However, the general

applicability of this technique for chemical surface

imaging is hampered by the fact that shear induced

destruction of surface structures may occur.

Moreover, also the surface topography plays an impor-

tant role in the generation of the friction contrast.

Thus, friction images cannot be solely interpreted in

terms of chemical interactions between tip and sample

surface.

In force modulation AFM [4], the force between the

tip and the sample surface is modulated by either

vibrating the sample or the cantilever in vertical

direction while the tip is raster-scanned across the

surface in contact mode. The varying compliance of

the sample can be monitored through the responding

amplitude signal of the cantilever. In this way a lateral

distribution image of the surface hardness can be

obtained.

Force±distance curves and load-indentation curves

can be utilized to record the force interaction between

the sample surface and the AFM tip while approaching

the surface to the tip or retracting it again. In such

measurements adhesion between the tip and the sam-

ple opens up the potential of accessing chemical

information on the sample surface. Elastic informa-

tion can be retrieved by the indentation behavior of the

tip. More recently the so-called pulsed force mode

(PFM) [5] has been introduced which allows contin-

uous recording of force±distance and load±indentation

curves across the whole scan area.

One drawback of the described techniques is the

risk of damaging the sample due to high loading forces

or lateral shear forces. In this respect tapping mode

AFM (TMAFM) [6,7] along with phase detection

imaging (PDI) [8,9] is a promising tool for obtaining

morphological as well as physical and chemical infor-

mation under more gentle conditions in intermittent

contact mode. In TMAFM height information is

delivered by the amplitude signal of the oscillating

cantilever. The phase lag between the driving oscilla-

tion and the cantilever response is a very sensitive

measure for the force interaction between the tip and

the sample surface.

In the literature different approaches can be found

for discriminating the origin of phase contrast. Bar and

coworkers have reported on the in¯uence of different

sample and tip properties on the phase contrast both

experimentally [10,11] and from a theoretical [12±14]

point of view. Their results show the largely harmonic

nature of the oscillation and the relationship between

energy dissipation and phase contrast. Chen et al. have

reported on optimization of phase imaging via

dynamic force curves implementing computer simu-

lations in their discussion [15]. An in-depth theoretical

study of the cantilever motion as well as the tip-

sample interaction was performed by Fuchs and cow-

orkers [16±18], leading to a quantitative description of

the oscillating system. Tamayo and GarcõÁa have inves-

tigated the interaction mechanism between tip and

sample [19,20] emphasizing the in¯uence of the

changes in the oscillation amplitude on interaction

time, force, and contact area. The work of Magonov

and coworkers [21±23] as well as the work described

in [24±26] mainly focuses on the determination of the

structure and mechanical properties of polymers, link-

ing higher crystallinity with smaller phase lags. Noy

et al. have established a quantitative relationship

between the strength of the tip-sample interaction

and the phase lag [27].

Apart from tapping mode phase lag investigations,

especially LFM has received considerable attention.

For instance, Lieber and coworkers have developed

the chemical force microscope (CFM), utilizing LFM

with chemically modi®ed tips [28±30] for obtaining

chemical contrast via friction. This approach has also

been pursued by the group of Spencer [31±33]. The

publications of these groups emphasize the in¯uence

of hydrophilic interaction as the main mechanism for

image contrast. The group of Salmeron has used LFM

to investigate the in¯uence of the chain length of

organic molecules on gold and mica and the in¯uence

of the measurement force on friction [34±36]. As a

result, it has been shown that friction with short chains

is largely induced by disorder effects. Moreover,

different friction regimes depending on the tip load

and the physico-chemical properties of sample and tip

are discussed [37]. Utriainen et al. [38] correlate the

friction on inorganic thin ®lm structures to differences

in hydrophilicity.

One of the major dif®culties in interpreting phase

lag images is the variety of in¯uential parameters

which can contribute to the signal (e.g. elasticity

and viscoelasticity [19,20,39], moisture on the surface

[11], surface chemistry [27], instrumental parameters
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[20], and cantilever tip quality [40]). To a smaller

extent such parameters can even in¯uence the ampli-

tude signal leading to height artefacts in topographical

AFM images [10,11,22,41±45].

In this work we have utilized self-assembly of

organic monolayers for producing structurally and

chemically well-de®ned model samples for investiga-

tion of the in¯uence of various imaging parameters on

phase and height contrast for different systems. The

analytical approach of this work is a discrimination

between chemical and physical properties utilizing

SAM structures as well-de®ned reference samples for

calibration of the measurement process.

2. Experimental section

2.1. Sample preparation

Substrates were prepared by carving and breaking

Si(1 0 0) wafers into pieces of 1 cm� 1 cm in size.

The chemicals used were toluene (Aldrich, 99.8%),

ethanol (Austria Hefe AG, 99.8%), acetone (Aldrich

99.9%), tetrahydrofurane (HF) (Aldrich, >99.5%),

hydrochloric acid (Fluka, fuming 37%), lithium

aluminum hydride (LiAlH4) (Aldrich, 1.0 M in

THF), octadecyltrichlorosilane (OTS) (Aldrich,

99.5%), and trichlorosilylheptadecanoic acid methyl

ester (TSHME) (synthesized according to [46]).

Table 1 shows the samples used in our studies.

These samples have been prepared according to the

scheme shown in Fig. 1. In addition to these samples,

multilayered structures have been produced for study-

ing elasticity effects. These structures were obtained

by repeated deposition and reduction of TSHME on

sample 3 (ODS/OH-HDS) until the desired number of

layers was reached.

2.2. AFM measurements

All AFM measurements were carried out with a

NanoScope III Multimode SPM (Digital Instruments,

Santa Barbara, CA) operated in tapping mode. Single

crystal Si-cantilevers (Nanosensors, Germany) with

resonance frequencies in the order of 300±400 kHz

and spring constants between 10 and 40 N/m

have been used for the experiments. In addition, also

chemically modi®ed tips have been used. These have

been prepared by full monolayer coating with ODS

according to the scheme shown in Fig. 1 (similar to

sample 1, but with a longer adsorption time of

approximately 2 h). The AFM was operated under

ambient conditions. Both topographic and phase

images were recorded at free oscillation amplitudes

Table 1

Overview of the samples under investigation

Sample no. Sample Surface composition Structure Remarks

1 ODS/Si ODSa islands on Si Sub-monolayer coverage (stepped surface) �50% CH3-terminated surface

�50% oxidized Si surface

2 ODS/TSHME ODS and TSHMEb areas Full monolayer coverage (flat surface) �50% CH3-terminated surface

�50% ester-terminated surface

3 ODS/OH-HDS ODS and OH-HDSc areas Full monolayer coverage (flat surface) �50% CH3-terminated surface

�50% OH-terminated surface

4 ODS/2� ODS ODS Full monolayer and double layer

islands (stepped surface)

Fully CH3-terminated surface

5 ODS/2� TSHME ODS and TSHME areas ODS monolayer and TSHME double

layer islands (stepped surface)

�50% CH3-terminated surface

�50% ester-terminated surface

a ODS: octadecylsiloxane layer.
b TSHME: ester-terminated siloxane layer obtained through deposition of trichlorosilylheptadecanoic acid methyl ester (TSHME). For

simplicity of terminology TSHME is also used as abbreviation for the respective siloxane layer throughout the paper.
c OH-HDS: OH-terminated heptadecylsiloxane layer (obtained through reduction of TSHME layer).
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A0 of approximately 50, 250, and 400 nm. If not stated

otherwise, measurements were performed at a setpoint

amplitude Asp of 0:7� A0 (rsp � 0:7). Data analysis

was carried out with the NanoScope III software. Both

the height and the phase images were evaluated by

bearing analysis which yields a histogram of the

height or phase shift values in the image, respectively.

In this way values for the surface coverage have been

calculated from typically ®ve AFM images taken at

different sample positions.

2.3. Ellipsometric measurements

The ®lm thickness of the samples was monitored

ellipsometrically during sample preparation using an

SD 2300 instrument (PLASMOS, Munich, Germany).

Experimental details are given elsewhere [46].

3. Results and discussion

In order to analytically utilize phase and height

contrasts for chemical characterization of surfaces,

®rst the in¯uence of experimental settings, of the tip,

and of sample properties has been investigated.

3.1. In¯uence of experimental settings

In this chapter results addressing the in¯uence of

the most important settings, the free oscillation ampli-

tude A0 of the cantilever and the damping ratio rsp

(rsp � Asp=A0, where Asp is the setpoint amplitude

maintained constant during imaging), will be

described. Since the experimental results can be

more or less in¯uenced also by other parameters like

feedback gains or scan direction, it is important to

Fig. 1. Scheme of sample preparation. Between the single steps, the samples were rinsed with toluene, acetone, and ethanol, blow-dried with

nitrogen and the ®lm thickness was measured ellipsometrically (ML � monolayer).
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carefully control all measurement parameters and to

keep them constant, when the in¯uence of a particular

parameter is to be studied.

3.1.1. In¯uence of the free oscillation amplitude

The free oscillation amplitude A0 has a large in¯u-

ence on both the height and the phase contrast. The

higher A0, the higher the force that can be exerted onto

the sample at a given damping ratio rsp. Moreover, for

compliant samples, the interaction area can increase as

the tip penetrates into or deforms the sample.

Fig. 2 depicts the height and phase contrasts on

sample 1 (ODS islands on silicon) observed for

amplitudes of 50, 250, and 400 nm. It can be seen

that smaller amplitudes tend to yield higher phase

contrast. This can be explained by changes in the

interaction time between tip and sample and differ-

ences in the interaction force. For large amplitudes the

interaction time decreases, i.e. the tip remains in the

force ®eld of the sample for a shorter period of time.

Fig. 3 shows the corresponding behavior found for

sample 2 (ODS mixed with TSHME). Here, in con-

trast to sample 1, the phase contrast increases with

increasing A0 indicating a different contrast mechan-

ism which will be addressed later. Increasing the

amplitude from 50 to 250 nm leads to inversion of

the phase contrast for all the samples, as can be clearly

seen in Fig. 4, for example.

As shown in Fig. 5b, it can also be observed that

small amplitudes (A0 � 50 nm) produce higher phase

contrast due to chemical surface properties as com-

pared to differences in elasticity. At A0 � 250 nm the

contrast for both properties is similar, whereas for

A0 � 400 nm again a higher sensitivity towards chem-

istry is noticed. These ®ndings can be explained by the

interaction time and the energy dissipation into the

sample. Small amplitudes lead to higher contrasts

caused by differences in chemistry, because the time

Fig. 2. Height and phase contrast on sample 1 (ODS/Si) measured

at rsp � 0:7 and different values of A0. Positive values indicate that

the height, respectively, phase lag is larger on the ODS layer. Fig. 3. Height and phase contrast on sample 2 (ODS/TSHME)

measured at rsp � 0:7 and different values of A0. Positive values

indicate that the height, respectively, phase lag is larger on the ODS

layer.

Fig. 4. Phase contrast images of sample 3 (ODS/OH-HDS) recorded at (a) A0 � 50 nm and (b) A0 � 250 nm.

B. Basnar et al. / Applied Surface Science 171 (2001) 213±225 217



in the vicinity of the sample surface, and thus also in

the short range force ®eld of the sample, is longer than

for large amplitudes, favoring a chemical differentia-

tion [13,20,47,48]. For larger amplitudes tip penetra-

tion becomes more pronounced favoring elasticity

induced contrast. Nevertheless, large amplitudes lead

to a pronounced phase contrast on sample 2 (ODS/

TSHME) whereas only a small contrast was observed

for small amplitudes (see Fig. 3). This might be related

to smaller chemical differences between the ODS and

the TSHME domains, since the methyl groups of the

ester function reduce the possibility for formation of

hydrogen bonds between tip and sample, making the

behavior of the surface more similar to methyl termi-

nation than to carboxyl termination. This is also

supported by the contact angles (advancing contact

angle with water) of 107, 74, and 208 for methyl, ester,

and acid terminal groups, respectively [49]. However,

the deformation of the sample leads to an increased

contact area and interaction time in softer domains

[23,50] inducing a larger phase shift. This is particu-

larly the case for the TSHME terminated regions

which, due to a lower degree of order [51], are more

compliant [52] than the ODS domains. Furthermore,

this behavior might facilitate a stronger interaction of

the oxygen groups of the ester function with the

hydrophilic tip leading to increased contrast in this

particular case.

Fig. 5a shows that the amplitude has a signi®cant

in¯uence on the measured height data, too. On sample

4 (ODS/2� ODS) a pronounced decrease of the step

height can be observed with increasing A0. This can be

explained by increasing compression of the layers

with increasing interaction forces. On sample 3

(ODS/OH-HDS) a large chemistry induced height

artefact is apparent in all cases.

3.1.2. In¯uence of the damping ratio

Besides the free oscillation amplitude A0, also the

damping ratio rsp (as determined by A0 and Asp, see

above) determines the force being exerted onto the

sample. Although the in¯uence of rsp also depends on

other parameters like A0 or the tip quality, in general, a

decrease of rsp leads to an increase in the phase

contrast (see Fig. 6). It can be observed that the

increase of the phase contrast with increasing damping

is not steady, but shows a comparatively stable region

for low damping (rsp > 0:65). With respect to analy-

tical perspectives, this is an important observation,

showing that measurements must be performed with

settings in such stable regions in order to obtain

reproducible results largely unaffected from drifts

Fig. 5. Comparison of height (a) and phase contrasts (b) for

samples 3 (ODS/OH-HDS) and 4 (ODS/2� ODS).

Fig. 6. Phase contrast vs. damping ratio rsp on sample 1 (ODS/Si)

measured at A0 � 50 nm with different individual tips (untreated).

The vertical lines denote a region in which the phase contrast is

comparatively insensitive towards slight changes of rsp.
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of the set parameters during measurement. It must be

noted, however, that the observed contrast values can

differ signi®cantly from tip to tip as can be seen in

Fig. 6. Thus, they can only be seen as a means for

determining sample properties with appropriate refer-

ence measurements on known materials. It has also

been observed that bad tips (like tip 2 in Fig. 6),

leading to blurred artefacteous images, show a differ-

ent response of the phase angle with changes in the

damping. Since cleaning of such tips in a UV/ozone

chamber leads to improved image quality again, the

observed artefact is most likely due to contamination

of the tip.

In the height measurements, the damping ratio

shows an insigni®cant in¯uence compared to other

parameters. Small variations of rsp lead to negligible

changes in the height values. Only large variations,

especially when working with bad tips, can lead to an

observable change in the height contrast (Fig. 7). In

general, a slight decrease in the height can be observed

with increasing damping, which is probably caused by

compression. However, besides compression, as

already mentioned for A0, a higher damping can also

effect chemical interactions (e.g. on sample 2-ODS/

TSHME, Fig. 5a) in¯uencing the height contrast as

well.

3.2. In¯uence of the tip

One of the most critical parameters affecting image

contrast, particularly phase contrast, is the quality of

the tip. It has been observed repeatedly that contrast

changes can occur spontaneously and also in a rever-

sible manner, which is most probably due to pick-up

and loss of impurities during imaging (Fig. 8). Such

contrast variations can also proceed gradually with

time, which could be explained by a change in the tip

shape (stumping by abrasion or contamination) due to

mechanical interaction with the sample surface. How-

ever, not only the tip shape but also chemical altera-

tions of the tip surface due to adsorption can be

associated with the described phenomena. In order

to minimize these effects, the interaction force during

measurement should be kept as low as possible.

Furthermore, when comparing and interpreting image

contrasts, prior study of the time dependence of the

contrasts on the samples under investigation is neces-

sary. The stability of all relevant measurement para-

meters can be checked by re-measuring the ®rst

sample after a series of specimens.

Fig. 7. Height contrast vs. damping ratio rsp on sample 1 (ODS/Si)

measured at A0 � 50 nm for different individual tips (untreated).

Fig. 8. TMAFM image of sample 2 (ODS/TSHME). At the bottom a spontaneous reversible change of the contrast can be observed. Left:

height image, right: phase contrast image.

B. Basnar et al. / Applied Surface Science 171 (2001) 213±225 219



Another important aspect with respect to in¯uen-

cing image contrast with the tip are chemical surface

modi®cations of the tip. In our studies we have

produced chemically modi®ed tips through full mono-

layer coverage with ODS. For these modi®ed tips a

better long-term stability has been observed compared

to untreated commercial silicon single crystal tips.

Fig. 9 shows the course of the phase contrasts obtained

both with a modi®ed tip (35 measurements) and an

untreated tip (21 measurements) over a period of

approximately 3 and 2 h, respectively. The increased

stability of the modi®ed tips might be explained by a

lower susceptibility towards adsorption of impurities

and lower wear due to decreased attractive force

interaction with the sample. Besides this bene®t of

modi®ed tips, it must be noted, however, that they

should only be operated at low damping ratios

(0:6 < rsp < 0:8). At smaller rsp frequently a strong

increase of the phase contrast is found even for small

variations of rsp, making reproducible measurements

dif®cult. This different sensitivity against changes in

the damping, and thus the interaction force, might be

due to random interlacing of the organic chains of the

tip with those of the sample.

3.3. In¯uence of the sample properties

3.3.1. In¯uence of the surface chemistry

The chemical termination of the sample surface

in¯uences both height and phase contrast due to

varying associated long range (e.g. electrostatic)

and short range (e.g. chemical bond formation) forces

effecting the oscillation of the cantilever. Chemical

contrast can either be achieved by (i) direct interaction

of functional groups on the tip with those on the

sample surface (e.g. hydrophilic/hydrophilic or hydro-

philic/hydrophobic interactions or (ii) mediated inter-

action through liquid neck formation between tip and

sample depending on the presence of adsorptive water

layers controlled by the hydrophilicity of the surfaces

and the surrounding humidity [9,53,54]. In order to

exclude erroneous interpretation of results caused by

random variation of the humidity of the surrounding

environment, only data obtained within individual

series taken at constant humidity have been compared

directly.

In order to study the in¯uence of the surface

chemistry free from elasticity effects, sample 3

(ODS/OH-HDS) has been used as model system.

Fig. 10 shows AFM images of this specimen recorded

Fig. 9. Long term stability of the phase contrast for an untreated

(data taken on sample 4) and a modi®ed tip (data taken on sample

3) over a period of approximately 2 and 3 h, respectively. The time

interval between the data points is 5 min. Measurements have been

performed at A0 � 50 nm.

Fig. 10. TMAFM height images of sample 3 (ODS/OH-HDS) recorded at (a) A0 � 50 nm and (b) A0 � 250 nm.
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at A0 of 50 and 250 nm, respectively. For both cases a

pronounced height contrast can be observed, although

the sample is almost completely ¯at (see Table 1).

For A0 � 50 nm (Fig. 10a) this height artefact is

about 18 AÊ (the OH-HDS regions appear to be ele-

vated), which is even larger than the measured

height of one monolayer (see Fig. 5). For larger A0

(Fig. 10b) this artefact is less pronounced (�10 AÊ ). In

comparison, the height artefact on sample 2 (ODS/

TSHME) is much lower (see Fig. 3). In fact, for

A0 � 50 nm a weak height contrast of �4 AÊ (TSHME

region slightly elevated) can be seen and for A0 � 250

and 400 nm such a contrast is nearly undetectable

anymore. According to the chain length of the ®lm

molecules, the ODS layer should by elevated by 2 AÊ .

The different behavior of sample 2 and 3 with respect

to this height artefact is in full accordance with

expectation, given the fact that the chemical differ-

ences in surface termination are much smaller on

sample 2.

The strongest height artefact can be observed on

sample 1 (ODS/Si). For A0 � 400 nm a height con-

trast of 2.5 AÊ is obtained, which is only about 10% of

the expected height of one ODS monolayer (26.2 AÊ ,

[49]). At this point it should be noted that such

erroneous values have already been reported in the

literature [55,56] and have so far been mainly ascribed

to the compression of the organic layer [57]. For

A0 � 50 nm, the height measured by AFM drops to

zero and even reversed contrast can occur. This indi-

cates that these artefacteous results are not solely

caused by a mechanical deformation and that there

is a strong in¯uence of the surface chemistry.

Pronounced phase contrast can be observed for all

samples with large differences in chemical composi-

tion between the different surface domains. Both for

small and for large amplitudes, sample 3 (ODS/OH-

HDS) shows the highest contrast. On sample 2 (ODS/

TSHME) there is only a very weak contrast for small

amplitudes, which can be explained by the similar

surface termination on both surface regions as already

discussed before. For large values of A0 a strong

increase of the chemical contrast can be observed.

As already addressed earlier, a possible explanation

for this phenomenon is an increased interaction with

the oxygen containing part of the ester group when the

hydrophobic methyl groups are pushed aside upon

higher interaction forces.

3.3.2. In¯uence of the elasticity of the sample

The sample's elasticity can cause height artefacts

due to different compressibility of the organic layers

and the stiffer substrate. Furthermore, compliance of

elastic surface regions leads to larger contact areas

between tip and sample also controlling chemical

interactions which in turn are another source for

height artefacts as already mentioned before.

In order to study the role of the elasticity free from

surface chemical contributions, multilayered systems

of various thickness and nearly uniform surface ter-

mination across the whole sample (ODS monolayer

and multilayered TSHME structures) have been used

as model samples. Generally, it can be observed that

the height measured by AFM is always smaller than

the nominal thickness of the multilayer domains. For a

small number of layers (up to four) the deviation

between measurement and expectation is about 50%

when measuring at A0 � 50 nm (Fig. 11). For larger

A0 (i.e. higher interaction force at constant rsp) the

deviation is greater (up to 75% for A0 � 400 nm)

which is an indication for higher compression of

the organic chains upon increased interaction

forces. For a larger number of layers (more than four)

the absolute deviation from the nominal value is

constant (�7 nm for A0 � 50 nm) indicating that this

deviation is determined by the compliance of surface

near zones. Therefore, the relative error in the height

Fig. 11. Measured height values vs. number of layers as

determined on multilayered SAM structures. The theoretical

heights are shown as well. The data have been recorded with

untreated tips at rsp � 0:7 and different values of A0 as shown in

the graph.
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measurements becomes lower with increasing thick-

ness of the whole multilayer system. These observa-

tions illustrate that correct height measurements on

the molecular scale are not just a matter of proper

piezo calibration. In this region rather `̀ internal''

calibration with reference samples of similar proper-

ties should be performed in order to take into account

various sources of artefacts.

As far as the phase signal is concerned, an increas-

ing phase lag should be observed for increasing energy

dissipation from the cantilever into the sample [58].

Such a possibility for increasing energy dissipation is

given for layer thickness showing a constant relative

height error (up to four layers, as described above).

For thicker systems the absolute height deviation due

to the sample's compliance is constant. Since the

properties of surface near zones, which are relevant

for signal generation, are expected to be independent

from the layer thickness once a certain total thickness

is exceeded, the phase contrast should not change

anymore. Although such a trend could be observed

in the phase images, large scattering of the phase

contrast values did not allow to con®rm this conclu-

sion on a quantitative basis.

3.4. Discrimination of sample systems and properties

Finally, it has been tried to distinguish different

sample systems by their height and phase contrasts in

the respective AFM images. Fig. 12 shows the results

obtained for A0 � 50 nm and rsp � 0:7 both for

untreated silicon tips and tips modi®ed by coating

with ODS. For sake of optimum reproducibility all

measurement parameters were kept as constant as

possible at the following values: integral gain �
0:3, proportional gain � 3, scan rate � 1 Hz (scan

direction from top to bottom, line direction �
trace), scan size � 2 mm, resolution � 256 pixel�
256 pixel. Since measurements have been performed

on different days and with different tips, the error bars

are rather large, especially for the phase contrast.

Nevertheless, except for the discrimination between

sample 3 and 4, all systems can be distinguished from

each other by their pattern of phase and height con-

trasts at the given settings.

4. Conclusions

Thin layers produced by self-assembly of organic

molecules have proven to be valuable model systems

for systematically studying the in¯uence of various

parameters on height and phase contrast in tapping

mode AFM images. Since both layer thickness and

chemical surface termination can be controlled inde-

pendently from each other, the role of mechanical and

chemical sample properties can be examined. This

opens up the potential for optimizing measurement

parameters like free oscillation amplitude A0 and

damping ratio rsp towards maximum sensitivity for

the material property of interest. Moreover, the results

indicate that stable regions of A0 and rsp can be

identi®ed, where the achieved contrasts are compara-

tively insensitive towards small drifts of these para-

meters. Therefore, measurements must be performed

Fig. 12. (a) Height and (b) phase contrasts for various samples

under investigation. The data were recorded at A0 � 50 nm and

rsp � 0:7. It should be noted that fairly large scattering is observed,

since raw data obtained with different individual cantilevers over a

longer period of time have been implemented. Positive values

indicate that the height, respectively, phase lag is smaller on the

ODS layer.
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by setting these values within those regions in order to

increase reproducibility. Furthermore, it has been

found that long-term stability of the experiments

can be increased using chemically modi®ed tips

coated with an octadecylsiloxane layer. Finally, we

have been able to distinguish different sample systems

by their pattern of height and phase contrasts. Up to

now the general applicability of this concept is limited

by data scattering mainly originating from the use of

different individual tips. As a ®rst step towards che-

mical imaging with AFM, this problem may be over-

come by checking the performance of individual tips

by means of calibration samples produced by self-

assembly. Moreover, discrimination of different sam-

ples could be facilitated through implementation of

height and phase contrast patterns obtained for dif-

ferent instrumental settings like A0 and rsp. Further

improvements could be achieved by more uniform

properties of the AFM tips and by better understand-

ing the role of the humidity during measurement

which is currently being investigated.
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