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Phase imaging is one of the most attractive features of tapping mode scanning force microscopy operation. In this
paper we analyse the relationship between phase contrast imaging and the energy loss due to tip–sample interaction
forces. An analytical relationship is obtained between the phase shift and the energy loss. Experiments performed
on graphite are in agreement with the analytical expression. Copyright 1999 John Wiley & Sons, Ltd.(
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INTRODUCTION

The tapping mode operation of a scanning force micro-
scope is widely used to image samples in air or under
liquids.1h6 In the imaging mode, the cantilever tip
ensemble is oscillated at a frequency close to its free
resonance frequency (usually in the 100È300 kHz range)
while the feedback mechanism keeps the oscillation
amplitude called the set point amplitude) at a con-(At ,stant value. It is assumed that the equilibrium tipÈ
sample separation is smaller than the oscillation
amplitude and as a consequence the tip strikes the
sample once each cycle. Large amplitudes (up to 100
nm) and rigid cantilevers (about 20 N m~1) are thought
to be needed for providing the cantilever with enough
energy to overcome adhesion forces. The substantial
reduction of the lateral force exerted on the sample, in
comparison with contact scanning force microscopy
(SFM), explains its ability to image very compliant
materials.4 It has also been proposed that the di†erence
in phase angles between the excitation signal and the
deÑection of the cantilever (phase shift) could be sensi-
tive to compositional variations in heterogeneous
samples.4h5,7h8 Imaging phase shift changes (phase con-
trast images or phase imaging) is a rich and powerful
tool for enhancing sharp topographic changes in rough
surfaces as well as for imaging heterogeneous samples.
However, in spite of its wide experimental use, several
key issues of tapping operation, such as how to inter-
pret height and phase contrast images in terms of the
sample properties, are still open.

In this paper we study the inÑuence of tipÈsample
elastic and inelastic interactions on phase shifts. The
cantilever dynamics in tapping operation are described
by a non-linear model. It is deduced that in the absence
of inelastic interactions, phase shifts are independent of
the value of the elastic modulus. However, phase shifts
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associated with elastic property variations arise if a frac-
tion of the cantileverÏs kinetic energy is dissipated by
the tipÈsample interaction forces. More generally, it is
also demonstrated that the sine of the phase shift is pro-
portional to the energy dissipated by the tipÈsample
interaction forces.

MODEL

Several approaches have been proposed to describe the
tapping mode operation.4,9h14 Here, it is assumed that
the cantilever behaviour can be simulated by a non-
linear driven oscillator with damping. Then, the move-
ment of the cantilever is governed by

m
dz2
d2t \ [kc z[ mw0

Q
dz
dt

] Fts] F0 cos wt (1)

where and Q are the elastic constant,kc , u0\ 2nf0resonance frequency and quality factor of the cantilever,
respectively, the sinusoidal term is the excitation signal
applied to the cantilever, where u is the excitation
(tapping) frequency ; and z) is the tipÈsampleFts (zc ,interaction, where is the equilibrium tipÈsamplezcseparation and z is the tipÏs instantaneous position.

During an oscillation, the cantilever goes through
non-contact and contact tip sample conditions. These
situations are separated by the interatomic distance a0 .
For distances larger than the tipÈsample interactiona0is calculated through the van der Waals force between a
sphere and a Ñat surface. For distances smaller than a0 ,
the repulsive force is simulated by the indentation force
between a paraboloid (tip) and a Ñat (sample) derived
from HertzÏs model (see Ref. 4 for details).

The adhesion force when the tip approaches the
sample is the value of the van der Waals force at the
interatomic distance. The surface energy is estimated by
using the adhesion force given by the JohnsonÈKendalÈ
Roberts (JKR) model

Fa \ [3nRc
x

(2)
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Figure 1. Tapping mode SFM images of a Langmuir–Blodgett film interface on Si(100): (a) topography; (b) phase contrast image of the 1
ML/3 ML interface. The morphological details are more clearly imaged in the phase image than in the topography. Parameters : nm;A
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0
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where is the tipÈsample surface energy duringc
xapproach (x \ A) or retraction (x \ R).

In this paper, a channel for inelastic tipÈsample inter-
actions is opened when surface energy hysteresis is con-
sidered (ca D cR).15,16

PHASE CONTRAST IMAGE IN A
LANGMUIR–BLODGETT FILM

An example of the potential of phase contrast imaging
to characterize the morphology of LangmuirÈBlodgett
Ðlms and heterogeneous samples is shown in Fig. 1. The
sample was prepared by deposition of a monolayer
(ML) of an amphiphilic dendrimer on the substrate,
Si(100). Then, two more monolayers were selectively
deposited on the Ðrst monolayer. Figure 1 shows the
topographic image [Fig. 1(a)] and the phase shift image
[Fig. 1(b)] of the 1 ML/3 ML interface. Due to the dif-
ferences in height (the Ðrst and the third monolayer
have an average height of D2 and D5 nm, respectively),
it is more tedious to extract detailed morphological
information from the topographic image. The phase
shift image, on the other hand, reveals clearly 1 ML and
3 ML domains. In the 1 ML layer region, the white
spots (higher phase shift) correspond to regions of the
silicon substrate that were not covered by the Ðlm.

PHASE SHIFT DEPENDENCE ON YOUNGÏS
MODULUS AND SURFACE ENERGY
HYSTERESIS

Phase contrast images obtained in heterogeneous
samples by tapping mode SFM, i.e., at constant oscil-
lation amplitude, have been linked directly to variations
of elastic properties.17 Although variations in the
YoungÏs modulus of the sample could give rise to phase
shift changes, we show below that there is not a direct

relationship between them. In earlier contributions, it
has been demonstrated that the essential feature domin-
ating phase shifts is the existence of tip-Èsample inelas-
tic interactions.14,18 This is illustrated in the simulation
shown in Fig. 2, where the phase shift is calculated as a
function of YoungÏs modulus. The simulation is per-
formed by assuming an amplitude ratio of 0.6,At/A0where is the free oscillation amplitude. When theA0tipÈsample interaction involves exclusively elastic pro-
cesses (circles), the phase shift is independent of the
sampleÏs YoungÏs modulus E variations over a range of
four orders of magnitude.

The introduction of hysteresis in the surface energy
(adhesion energy hysteresis) modiÐes the phase shift
behaviour considerably. The phase shift is very sensitive

Figure 2. Theoretical phase shift dependence on Young’s
modulus for several tip–sample interactions : elastic interactions
(open circles) ; for a tip–sample interaction with adhesion energy
hysteresis, mJ mÉ2 and mJ mÉ2 (triangles) ;c
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to changes in the elasticity of compliant materials, e.g.,
materials with YoungÏs modulus below 1 GPa. The
phase shift decreases with the sti†ness of the sample,
being almost constant for sti† materials. This value
(36.8¡ here) is set by the initial tapping conditions

and A similar dependence has been found(At/A0 f/f0).when the sampleÏs viscoelasticity was introduced in the
model.14

The independence of the phase shift with the Young
modulus in the absence of inelastic interactions appears
to be counter-intuitive. An explanation for this behav-
iour is provided in the next section.

ANALYTICAL RELATIONSHIP BETWEEN THE
PHASE SHIFT AND THE TIP–SAMPLE
ENERGY DISSIPATION

A relationship between the phase shift and the energy
dissipated in tapping mode SFM is obtained by con-
sidering that in the steady state the external energy

supplied to the cantilever must equal the energy(Eext)dissipated via hydrodynamic viscous interactions with
the environment (air) and by the tipÈsample inelastic
interactions19,20

Eext \ Eair ] Edis (3)

where

Eext\ {F0 cos ut
dz
dt

dt (4)

Eair\ {[ mu0
Q

dz
dt

dz (5)

Edis\ {Fts
dz
dt

dt (6)

The above equations and the assumptions of a sinus-
oidal cantilever response provide an expression that
relates the phase shift angle (r) to the energy dissipated
by the tipÈsample interactions per periodEdis

sin r\ u
u0

At(u)
A0

] QEdis
nkA0 At(u)

(7)

where u and are the excitation and natural fre-u0quencies of the cantilever, respectively ; (u) rep-At(u)/A0resents the contribution due to elastic e†ects while
represents the inelastic contributions.QEdis/nkA0AtTo check the validity of the above equation, an

experiment was designed to measure the phase shift
dependence on the tapping amplitude20. The experi-
ment was performed on a graphite (HOPG) surface
with a free amplitude of The cantilever wasA0\ 43 nm.
excited at its resonance frequency. For all the valuesAtused there is tipÈsample contact at the sample end of
the oscillation. To check for homogeneity of the data,
the experiment has been repeated on 64 di†erent spots
of the sample. No di†erences were obtained. The experi-
mental data were derived from the phase shift and
amplitude versus equilibrium tipÈsample separation
curves taken simultaneously (not shown).

In Fig. 3 the continuous line represents the theoreti-
cal simulation obtained from Eqn. (7), with as theEdisonly Ðtting parameter. It is remarkable that there is

Figure 3. Phase shift dependence on the tapping amplitude for
the graphite (circles). The solid line is the result obtained from
Eqn. (7). Instrumental data : nm, k ¼45 N mÉ1f /f

0
¼1, A

0
¼43

andQ ¼270.

numerical as well as shape agreement between the
experimental and simulated data over the rangeAtexplored. The Ðtting was achieved with eV.Edis\ 510
For amplitudes between 35 nm and 10 nmAt (A0 \ 43
nm) the phase shift decreases. In this region the A/A0ratio is the dominant factor in the phase shift. However,
for smaller values the second term becomes domi-Atnant and the phase shift increases.

To exclude a fortuitous agreement, another experi-
ment was performed to measure directly the energy dis-
sipated by the tipÈsample forces. The force was
recorded while the cantilever was approached and then
retracted from the sample, i.e. a force curve was taken.
From the hysteresis loop shown in the force curves,

eV is deduced. The agreement obtainedEts\ 480
between the measured and simulated data supports the
conclusions derived from the relationship between the
phase shift and the energy loss established in Eqn. (7). A
similar experiment was performed on a soft material
(purple membrane) with identical conclusions.

In tapping mode SFM imaging the oscillation ampli-
tude is kept constant so that the Ðrst(At\ constant)
term of Eqn. (7) does not change with location of the
sample. If phase shifts are observed in the image they
should arise from variations, as the simulation inEdisFig. 2 has shown.

COMPARISON BETWEEN FRICTION FORCE
AND PHASE SHIFT IMAGES

Friction force microscopy (FFM) has been applied as a
tool to extract quantitative information about the
chemical composition of heterogeneous samples.22,23 In
previous experiments we have applied FFM to charac-
terize compositional variations in semiconductor het-
erostructures and quantum dots. Because friction is
closely related to energy dissipation during the tip dis-
placement across the sample, we have imaged a IIIÈV
semiconductor interface by FFM and tapping mode

Surf. Interface Anal. 27, 312È316 (1999) Copyright ( 1999 John Wiley & Sons, Ltd.
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SFM to investigate whether the relationship obtained
between the phase shift and the energy dissipation is
consistent with frictional force experiments.

Figures 4(a) and 4(b) show the topography and phase
contrast images of an InP/InSb interface. The topog-
raphy shows several terraces and steps but there is no
information regarding the position of the interfaceÏs
boundary. The phase image, on the other hand, clearly
separates two regions of di†erent and uniform phase
shift. A higher phase shift is obtained in the InP (left
side), implying that the tipÈsample interaction dissipates
more energy in the InP than in the InSb side.

Figures 4(c) and 4(d) show the topography and fric-
tion force images of the same InP/InSb interface but in
a di†erent region. A higher frictional force is obtained
in the InP region of the interface (left) [Fig. 4(d)], imply-
ing a higher value for the energy loss. This result is con-
sistent with the phase shift image of the same interface.
Both techniques (FFM and tapping mode SFM) point
out that InP is the region where more energy is dissi-
pated by the tipÈsample forces. Although it is sugges-
tive, we do not imply that the mechanisms of energy
dissipation on a nanometre scale by FFM and tapping
mode SFM in semiconductor samples are the same.

CONCLUSION

The e†ect of elastic and inelastic interactions (surface
energy hysteresis) on phase shifts during tapping oper-
ation has been studied. In the absence of tipÈsample
inelastic interactions, phase shifts are insensitive to
elastic modulus variations. Phase contrast images
associated with elastic variations are obtained once a
fraction of the kinetic energy is dissipated into the
sample. A relationship between the phase shift and the
energy loss at the tipÈsample interface has been veriÐed
experimentally for tapping amplitudes larger than the
equilibrium tipÈsample separation. This relationship
establishes a proportionality between the sine of the
phase and the energy loss.
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Figure 4. Tapping mode SFM and FFM images of an InP/InSb interface : (a) topography in tapping mode; (b) phase shift in tapping
mode; (c) topography of FFM image; (d) frictional force image in contact SFM.
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